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Foreword 
Low-volume roads constitute the vast majority of the world's streets and highways. In virtually 
all countries they are the primary means of access to agricultural, mineral, and forest resources 
as well as to recreational areas. Despite the importance of low-volume roads, researchers, 
professional practitioners, and administrators have paid relatively little attention to them. As a 
result, in many countries the lack of maintenance and rehabilitation associated with the low 
priority accorded these roads has led to deterioration of the low-volume road system. 

A workshop on low-volume roads was held in 1975 (Special Report 160: Low-Volume Roads). 
Interest in the design and operation of these roads was such that a second conference was held in 
1979 (Transportation Research Record 702: Low-Volume Roads: Second International Con
ference) and a third in 1983 (Transportation Research Record 898: Low-Volume Roads: Third 
International Conference). 

During the Third International Conference on Low-Volume Roads the following interrelated 
high-priority needs were identified: 

• More effective methods of correlating and disseminating technical and management infor
mation in both developed and developing countries; 

• Program management systems to aid in designing, constructing, and managing low-volume 
roads and to provide information that can be used for justifying appropriate funding levels and 
establishing appropriate engineering standards; 

• Greater understanding of the mechanisms of damage to low-volume roads, particularly the 
effects of heavy loads on lightly paved or unpaved roads; and 

• Characterization of marginal, substandard, or unconventional materials and documentation 
of their use in low-volume roads. 

These four priority concerns were used as the primary basis for planning the Fourth Interna
tional Conference on Low-Volume Roads held at Cornell University, Ithaca, New York, August 
16-20, 1987. The fourth conference was sponsored by the Transportation Research Board 
Committee on Low-Volume Roads and was organized by a steering committee. Cosponsorship 
and funding were provided by the Federal Highway Administration, U.S. Department of 
Transportation, and the Office of Transportation and the Forest Service, U.S. Department of 
Agriculture. The conference was hosted by Cornell University and the Cornell Local Roads 
Program with the assistance of the New York State Department of Transportation. 

Representatives from countries around the world participated in the Fourth International 
Conference on Low-Volume Roads at which the importance of technology transfer was the 
subject of the keynote address by John Metcalf and of a special conference session. A majority 
of the 77 papers in these two volumes are on the results of technical research on design, 
construction, and maintenance of low-volume roads. 

The technical needs cited by the participants in the third conference were addressed in the 
fourth conference; the use of asphalt seals and concrete in rural roads and the design and 
construction of low water crossings and bridges were also discussed. 

Although technical problems are being addressed with increased vigor, there are relatively 
few international organizations, and even fewer national agencies, that are developing and 
disseminating in-depth knowledge of the social and economic, as well as the technical, aspects 
of the world's low-volume roads. The Fourth International Conference on Low-Volume Roads 
afforded an opportunity for interested persons from around the world to share information, and 
this two-volume Record, which contains preprints of the papers presented at the conference, 
represents a significant contribution to knowledge about low-volume roads. 
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Restructuring the Local Rural Road System 
SHERRYBRENNANMILLER,GREGORYR. PAUTSCH,CATHYA. HAMLETT, AND 

C. PHILLIP BAUMEL 

The construction of new local rural roads and the improvement 
of existing rural roads are major components of most economic 
development plans in developing countries. However, many 
observers believe that the problem in the United States is that 
there are too many local rural roads. Most of today's local rural 
roads and bridges were constructed in the. late 1800s and early 
1900s when traffic consisted of horse-pulled wagons and light 
vehicles that served many small farms and rural households. 
The number of farms and households on these roads has 
declined sharply in recent decades, and most vehicles traveling 
on them are heavier and wider than those for which the roads 
were originally designed. The physical condition of this road 
system is deteriorating, and funds are insufficient to maintain 
and reconstruct these roads to the level needed to accommodate 
the large vehicles currently traveling on them. A recent analysis 
indicated that a modest road abandonment program would 
result in cost savings to local governments greater than the 
additional costs to the traveling public of driving on rerouted 
roads. This analysis, which is an extension of the earlier 
research just mentioned, examines how paving a core system of 
local rural roads would affect the benefits and costs of local 
rural road abandonment. The results of this analysis indicate 
that the direct benefits of constructing a core of paved local 
rural roads are fewer than the costs of building the paved core. 
However, the estimated benefits do not account for cost savings 
from overhead traffic that may travel on the newly paved road, 
economic development, or changes in traffic origins and 
destinations. The main conclusion of this analysis is that the 
paved core has little impact on the benefit-cost ratios of road 
abandonment. 

THE PROBLEM 

Investments in local rural roads are a major component of 
economic development plans in many developing countries. 
The basic strategy of these investments is to improve the quality 
of roads and to reduce the cost of access to people and products, 
especially farmers and agricultural products. The type of 
investments in local rural roads varies with the needs of 
individual countries. In Southeast Asia, many local rural roads 
are designed to accommodate pedestrians, bicycles, oxcarts, 
and light motorized vehicles. China recently embarked on a 
program to construct 96,000 km of rural roads to provide 
all-weather access to isolated villages and to provide access to 
people and products, mostly coal and agricultural products, to 
railroads, and to other regions in the country. The 1982 Food 
Program in the Soviet Union calls for construction of 130,000 
km of general-use roads and 150,000 km of intra-farm roads in 
the next decade. One Russian economist estimates that it will be 
necessary to build 900,000 to 1,000,000 km of all-weather, 

Department of Economics, Iowa State University, Ames, Iowa, 500 I I. 

paved roads to serve most of the rural population in the Soviet 
Union(/). 

The local rural road situation is different in the United States, 
in which the creation of2.3 million road-miles dates back to the 
Ordinance of 1785, which was passed by Congress to open the 
land for settlement (2). The Ordinance established the l-mi2 
grid pattern on which most roads built thereafter were based. 
Road use needs have changed significantly since 1785. The land 
is now settled; vehicle size and weight have increased dra
matically; the days oflong trips to deliver agricultural products 
after harvest are gone; and most farmers now live within a few 
miles of a grain elevator or other product markets. Many 
observers therefore believe that there are now too many local 
rural roads in the United States. 

Many of today's local rural roads and. bridges, which are 
defined as those under county or township jurisdiction, were 
built in the late 1800s and early 1900s when overland trans
portation for both passengers and freight was limited to horse 
and wagon or to the recently built railroad lines. Farms were 
small and farmers needed road access to homes, schools, 
churches, and markets. 

During the 1920s and 1930s, local rural roads were mainly 
surfaced with gravel, and some bridges were replaced to carry 6-
or 7-ton loads. Since then, the number of farms has declined but 
the size of farms has increased. Consequently, an increasing 
number of heavy vehicles travel on these rural roads. In most 
instances, a farmer increases the number of acres farmed by 
buying or leasing land from other farmers, frequently from 
non-adjoining farms . The increased scatter of tracts of land 
operated by one farmer that results often reg uires longer travel 
distances and larger farm equipment. Farmers are now using 
large tandem-axle and semitrailer trucks, farm tractor-wagon 
combinations, and combines to travel these roads from home
steads to fields and back. 

Farm supply and marketing firms are also using large 
tandem-axle and semitrailer trucks for their pickups and 
deliveries. Moreover, the declining rural population in many 
areas is forcing school districts to use larger school buses to 
transport fewer children longer distances to consolidated 
schools. These larger school buses weigh up to 15 tons when 
fully loaded and cannot cross bridges that are posted at less than 
their gross loaded weights. Heavier vehicles demand increased 
maintenance, resurfacing, and reconstruction costs because 
gravel and paved roads deteriorate much faster under the 
heavier weights. 

Precise data on the condition of the local rural road system 
are not available. Among the ample evidence that the system is 
deteriorating rapidly is a recent survey taken in Illinois. 
Farmers and agribusiness representatives rated about half of 
the Illinois local rural roads as needing more than regular 
maintenance, and rated over 20 percent of these roads as 
needing major repair (3). The most common complaints in the 
survey about local rural roads were that (a) overweight vehicles 
are breaking up road surfaces, (b) the lack of paved surfaces 
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creates dust and rideability problems, (c) road widths and other 
design characteristics are inadequate for today's large farm 
equipment and heavy trucks, and (d) narrow lanes create safety 
problems. 

The condition of local bridges is also of great concern. On 
January 1, 1986, 167 ,985, or 55 percent, of all the bridges 
inventoried in the United States operating without federal aid 
were found to be deficient (4). In addition, 121,507, or 40 
percent, of the 304,948 bridges inventoried were posted or 
should have been posted at less than legal weight limits. This 
means that many heavy farm vehicles cannot or should not 
travel over these bridges, which is an obvious problem for 
farmers with full truckloads of agricultural commodities to 
deliver. However, even these statistics understate the magnitude 
of the problem. Bridges less than 20 ft long were not included in 
the inventory, and there are thousands of such structures that 
need replacement or rehabilitation. 

The distribution of deficient bridges among states indicates 
that the local bridge problem is national in scope. States with 
the largest number of deficient bridges are Texas, Iowa, 
Missouri, Nebraska, Oklahoma, North Carolina, Kansas, 
Indiana, Arkansas, Tennessee, Mississippi, and Illinois. States 
in the Northeast, Midwest, Southeast, and Southwest regions 
of the United States are included in groups with a high 
percentage or a large total number of deficient bridges. 

To a large extent, the county road system faces many of the 
same problems that the railroad system encountered in the late 
1960s and early 1970s. The physical condition of the county 
road system is deteriorating. The heavier vehicles traveling on 
the system are causing more damage, whereas the available 
money, in real terms, to maintain and rebuild the system is not 
keeping up with the rate of deterioration. Although federal and 
state motor vehicle fuel taxes have increased sharply in recent 
years, there is increasing pressure to reallocate a larger share of 
these taxes to roads that are under city and state jurisdictions 
instead of local jurisdictions. Moreover, a substantial share of 
the funds to maintain local rural roads comes from property 
taxes . The recent decline in rural property values throughout 
much of rural America will place downward pressure on this 
source of rural road funds. In short, the problem is that funds 
are insufficient to properly maintain the existing road system 
for the types of vehicles that are traveling on it. 

Public debate about the county roads has focused mainly on 
the deteriorating condition of the system. The implicit assump
tion behind much of this debate is that the system should be 
maintained as it currently exists. However, an increasing 
nnmher of ohservers helieve thM th.I:' n umbe r of mil es of local 
rural roads could be reduced either by abandonment or 
conversion to private drives. A 1976 editorial in the Des Moines 
Register states: 

County roads that served dozens of farms forty years ago 
may be serving only two or three farms today. Many 
roads that were once vital to a county's well-being have 
become, in effect, private roads, although the county is 
responsible for their upkeep. Such roads no longer 
belong in a county road system (2). 

Residents on roads that are being considered for abandonment 
or conversion to private drives argue that these actions will 
force farmers and rural residents to drive longer distances, and 
that the additional travel and maintenance costs will exceed the 
cost savings of removing these roads from the public system. 
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Many writers have discussed the deteriorating condition of 
the local rural road and bridge system (5). However, only a few 
studies have attempted to identify alternative solutions (2. 3, 
6-10) . Fewer yet have attempted to quantify the impacts of the 
deteriorating roads and bridges on all travel costs or the impacts 
of alternative solutions on travel costs and local government 
costs. The Pennsylvania Department of Transportation iden
tified which roads in two Pennsylvania rnunlies were most 
important to the rural agricultural areas for the transport of 
agricultural products to market and supplies to the farm (1 I). 
Tucker and Thompson examined the impact of alternative rural 
road development and maintenance policies on grain marketing 
costs in southeastern Michigan (12) . The resuits of their study 
indicated that grain marketing costs would decrease as the road 
system is improved, but the savings in grain transport costs 
would be far less than the costs of the road improvement. 
Nyamaah and Hitzhusen used a circuity model to estimate the 
rerouting costs to road users when 15 rural bridges in Ohio were 
posted or closed (13). The model indicated that the benefits 
from bridge repair or replacement were substantially greater 
than the county engineers estimated . Chicoine and Walzer 
surveyed farmers, township officials, and agricultural and rural 
business officials to identify their opinions and attitudes on a 
wide range of rural road and bridge questions and issues (6). 

Hamlett et al. analyzed the benefits and costs of abandoning 
low-volume gravel-and earth-surfaced local rural road segments 
that contained no property access (8). The analysis indicated 
that if a small number of road segments with no property access 
were abandoned in three different areas in Iowa, the additional 
travel costs incurred from rerouting the traffic around tbe 
abandoned roads would be less than the maintenance and 
investment cost savings derived from abandoning the roads . 
However, as the number of abandoned roads was increased, the 
travel costs for the reroutep traffic increased faster than the 
maintenance and investment cost savings derived from 
abandoning the roads, which suggested that the optimal level of 
abandonment had been exceeded. This analysis is extended in 
this paper by examining the impact of paving a core system of 
local rural roads on the benefits and costs of road abandonment. 

Although this study focused on three areas in Iowa, its 
findings have a broader scope of application. Even though 
other rural areas of the United States may produce different 
agricultural products, most have a similar grid-based road 
network, and most face the same basic problem: funds are 
insufficient to maintain the same number of miles of road at a 
service level high enough to accommodate the type of traffic 
now operating on these roads. Developing nations may face a 
slightly different version of this problem: insufficient money is 
available to construct as dense an infrastructure as exists in 
most developed countries. The methodology described in this 
paper can be applied to different data and road networks. 
Developing nations might also find it useful to construct 
hypothetical road and bridge systems, and apply the method of 
analysis described briefly in the following paragraphs, and in 
more detail in Baumel et al. (JO) . 

METHOD OF ANALYSIS 

Study Areas 

The county roads in the three 100-mi2 areas in Iowa discussed 
earlier were included in the analysis. These three study areas 
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were selected for their differences in terrain, quality of roads 
and bridges, and the level and type of economic activity. Area I, 
located in east central Iowa just north of Cedar Rapids, has a 
large nonfarm population, a productive cash-grain agriculture, 
a relatively high percentage of paved roads, and a level terrain. 
Area 2, located in southwest Iowa, has a relatively small 
population of farm and nonfarm residents; a relatively large but 
declining livestock industry; a high percentage of gravel, oiled, 
and earth surface county road systems; and a hilly terrain with 
many bridges. Area 3, located in north central Iowa, has a small 
farm and nonfarm population, a high cash-grain agriculture, a 
relatively well-developed paved road system, and level terrain. 
Data for the study were gathered by interviewing all residents of 
the three study areas. Townships located within two of the areas 
were sampled, and surveys for similar households were sub
stituted for those few households that refused to be interviewed. 
A more detailed description of the data follows in a later 
section. 

Previous Analysis 

In the Baumel et al. study, a "base solution" was created for 
each study area, which consisted of computerizing the road 
network as it actually existed in 1982, and using a computer 
model to route the traffic patterns as they were reported in the 
survey (/0). For each alternative solution analyzed, changes 
were made to the computerized road network, and the 1982 
traffic patterns were rerouted by computer over the "new" 
network. Changes in costs to the traveling public were thus 
defined as the difference between the previous solution's 
estimate of the cost of traveling on that road system and the 
estimated cost of traveling on the new road network. In this 
report, the paved core solution was compared to the base 
solution. A set of low-volume road segments with no property 
access was then abandoned in the computer network and 
benefit-cost ratios were calculated for the abandonment solu
tions. Two solutions per study area were developed: a paved 
core solution, and a paved core with some roads abandoned 
solution. 

Paved Core Analysis 

First, an analysis was made of the cost savings to the traveling 
public from paving a core system of local rural roads. Because 
vehicle travel costs are lower on paved roads than on gravel- or 
earth-surfaced roads, total vehicle travel costs should decline 
when using the paved core system. Then the estimated cost of 
paving and maintaining the core system over the original road 
network was annualized and compared with the savings to the 
traveling public. Travel cost savings were defined as follows: 

where 

c, 

(I) 

= travel cost savings from paving and maintaining 
a paved core system; 

= the total annual vehicle transportation costs 
before the /h set of road segments is upgraded; 
and 

= the total annual vehicle transportation costs after 
the /h set of road segments is upgraded. 
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The cost of paving and maintaining the road system over the 
original was defined as follows : 

Cpm = UPG1 + (MC) - MC1_1) + (REC1 + REC1_1) + (RESi 

- RES1_1) + (BREC1 + BREC1_1) +(BMC) 

where 

cpm 

UPG1 

MC1 

MCi-l 

REC 1 

RE Ci-I 

RES 
.I 

RES1_
1 

BRECi 

- BMC1_1) (2) 

= 

= 

= 

= 

= 

= 

= 

= 

= 

change in the annualized cost of paving and main
taining a paved core system; 
the total annualized upgrading cost for the/h set 
of road segments; 
the total annual road maintenance cost after the 
/h set of road segments is upgraded; 
the total annual road maintenance cost before the 
/h set of road segments is upgraded; 
the total annualized life-cycle roadbed reconstruc
tion cost after the /h set of road segments is 
upgraded; 
the total annualized life-cycle road bed reconstruc
tion cost before the /h set of road segments is 
upgraded; 
the total annualized life-cycle road resurfacing 
cost after the /h set of road segments is upgraded; 
the total annualized life-cycle road resurfacing 
cost before the /h set of road segments is 
upgraded; 
the total annualized life-cycle bridge reconstruc
tion cost after the /h set of road segments is 
upgraded; 

BREC1_1 = the total annualized life-cycle bridge reconstruc
tion cost before the /h set of road segments is 
upgraded; 

BMC1 

BMC
1
_

1 

= 

-= 

the total annual bridge maintenance cost after the 
/h set of road segments is upgraded; and 
the total annual bridge maintenance cost before 
the /h set of road segments is upgraded. 

Abandonment Analysis 

A benefit-cost analysis was used to evaluate the economics of 
abandoning selected road segments in the three study areas 
after the core system was paved. The benefits derived from 
keeping the roads selected for abandonment were defined as the 
additional travel costs incurred by the traveling public when the 
roads were removed from the system. The traveling public 
would incur additional travel costs when roads were abandoned 
because some traffic must travel longer distances to reach an 
intended destination, or travel on lower-quality road surfaces. 
The costs of keeping the roads considered for abandonment 
included the variable and fixed road maintenance, road resur
facing and reconstruction, and bridge maintenance and recon
struction costs on the abandoned roads minus the variable 
maintenance, resurfacing, and reconstruction costs transferred 
to the roads inheriting the traffic from the abandoned roads. 
The costs also included the land rental value forgone from using 
the land for roads instead of agricultural production, minus the 
cost of converting the land from road to agricultural use. 

The following benefit-cost ratio was used to evaluate whether 
a road segment, group of road segments, or bridge should have 
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remained in the county road system after the core system was 
paved: 

B 
c . = 

lA 

where 

B 

c. 
lA 

TCj 

TCj-l 

MCj-I 

MCj 

REC1_1 

RECj 

RESj-l 

RES 
.I 

(TCj - TCj_ 1) [(MCj-I - MC)+ (RECj-I - REC) 

+ (RESj-I - RESj) + (BRECj-I - BREC) + 

(BMC1_1 - BMC)+ (VLr ROW)J"1 (3) 

= 

= 

= 

= 

= 

= 

= 
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the abandonment benefit-cost ratio of the /h set 
of road segments; 
the total annual vehicle transportation costs after 
the /h set of road segments is abandoned; 
the total annual vehicle transportation cost before 
the /h set of road segments is abandoned; 
the total annual road maintenance cost before the 
/h set of road segments is abandoned; 
the total annual road maintenance cost after the 
/h set of road segments is abandoned; 
the total annualized life-cycle road bed recon
struction cost before the/h set of road segments is 
abandoned; 
the total annualized life-cycle roadbed recon
struction cost after the /h set of road segments is 
abandoned; 
the total annualized life-cycle road resurfacing 
cost before the ) 1h set of road segments is 
abandoned; 
the total annualized life-cycle road resurfacing 
cost after the j1h set of road segments is 
abandoned; 

BRECi-I = the total annualized life-cycle bridge reconstruc
tion cost before the /h set of road segments is 
abandoned ; 

BRECi 

BM Ci-I 

BMC 
.I 

VL 
.I 

ROWi 

= 

= 

= 
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the total annualized life-cycle bridge reconstruc
tion cost after the /h set of road segments is 
abandoned; 
the total annual bridge maintenance cost before 
the /h set of road segments is abandoned; 
the total annual bridge maintenance cost after the 
/h set of road segments is abandoned; 
the annual value of the iand if the /h set of road 
segments is not maintained; and 
the annualized cost of converting the right-of
way of /h set of road segments to agricultural 
production. 

If the value of the ratio in Equation 2 was less than I, the net 
benefit to the traveling public of keeping the road in the system 
would be less than the cost of keeping the road in the system. If 
the ratio was greater than I, the net benefit to the traveling 
public would be greater than the cost. 

Network and Algorithm 

The benefits derived from keeping a road or group of roads in 
the system were measured as the change in travel cost to the 
traveling public after a road or group of roads was abandoned 
in the computer modei. Except for school bus and post office 
travel costs, the benefits accruing to the traveling public were 
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estimated in two steps. First, a network model was used to 
estimate the rninirnum-cost traffic flows for aii i 982 traffic 
within each study area (9). The network model for each study 
area included all roads by type of surface; all bridges by load
bearing capacity; all property and field tract access points; and 
all trips by origin, destination, and vehicle type. Travel costs 
were defined as the variable vehicle cost per mile by type of road 
surface times the number of miles traveled by each vehicle type 
on each type of road surface. Dijkstra's algorithm was chosen to 
estimate the minimum-cost routing of travel from each origin to 
each destination for each vehicle type because it preserved the 
origin-destination relationship and required relatively few 
operations to find an optimal solution. The actual estimation of 
the benefit to the traveling public of keeping a road or group of 
roads in the system was calculated as follows: 

I . The computerized algorithm was run to route the trips 
through the study area to obtain the total miles traveled and 
cost of this travel. 

2. The computerized road network was adjusted by re
moving a set of road segments. 

3. The algorithm was run again to reroute trips through the 
adjusted road network to obtain the total miles traveled and 
cost of the travel on the adjusted network. 

4. The change in travel costs between the two solutions 
became the estimated benefit from keeping all the roads 
indicated for abandonment in the system. 

The basic assumptions behind the network model used in this 
analysis were as follows: 

1. Travel costs are a linear function of distance traveled for 
each vehicle and surface type. 

2. The number of trips from each origin to each destination 
in each time period by each vehicle type is independent of 
changes in the road system. 

3. Vehicle purchase decisions are not affected by the 
relatively small changes in distance between an origin and a 
destination resulting from a change in the road system. 

4. Travel routes are selected to minimize travel costs. 
5. Vehicles with a gross weight greater than the rated 

loading of a bridge cannot cross that bridge. 

Detailed specifications of the network model are presented in 
Pautsch et al., and more complete abandonment results are 
presented in Hamlett et al. (8, 9). 

School bus and post office travel.costs could not be estimated 
by the network model because much of the routing of these 
vehicles depended on how the routes were structured outside 
the study areas. Existing school bus routes were used to 
estimate travel costs for Step I of the study. The school buses 
were then rerouted manually after selected roads were removed 
from the system to obtain the change in school bus travel costs 
resulting from road abandonment. Postal service travel routes 
and costs before and after selected roads were eliminated from 
the system were estimated by U.S. Postal Service officials. 

Maintenance Costs 

The total maintenance cost for paved, gravel, and dirt roads is 
the sum of the fixed maintenance costs and the variable 
maintenance costs of the roads. 
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The fixed portion of maintenance cost is independent of 
traffic level and composition, and is associated with signing, 
slope erosion, ditching, and snow removal. The variable 
portion of maintenance cost for gravel and dirt roads is 
expressed as a function of the average daily traffic level of the 
road, whereas the variable portion of maintenance cost for 
paved roads is expressed using kip loadings (JO). 

The basic assumption underlying the variable maintenance 
cost of a paved road is that a portion of the cost varies directly 
with the number of standardized (18 kip) axle loads passing on 
the road. Each type of pavement is designed to withstand a 
projected number of 18 kip loadings during the expected life of 
the road. An increase in the number of axle loadings in the form 
of more trips or heavier vehicles will increase the maintenance 
cost of the road surface. Variable maintenance costs for paved 
roads were estimated by using the following equation: 

VMC =TK•AVMC•D 
AK 

(4) 

where 

VMC 
TK 

AK 

AVMC 

D 

= 
= 

= 

= 

= 

variable maintenance cost; 
total number of standardized (18 kip) loadings 
applied in 1982; 
average annual standardized (18 kip) axle 
loadings embodied in pavement; 
average annual variable maintenance cost per 
mile of road; and 
length of the road segment in miles. 

Equation 4 adjusts the average annual maintenance per mile 
of road for changes in the number of trips and the size and 
weight of vehicle travel. 

The periodic reconstruction and resurfacing costs were 
annualized over a 45-yr life cycle. The opportunity cost of 
keeping the land in roads instead of alternative uses was 
assumed to be the annual rental value of nearby land minus the 
annualized cost of converting land from abandoned road right
of-way to use in agricultural production. 

THE DATA 

Travel Patterns 

Data on 1982 personal and farm travel were obtained from a 
traffic survey of households and farms in the three study areas 
(JO). Data were obtained on the exact location of each 
respondent's home and land tracts within and outside the study 
areas, as well as the location of all home and field driveways. In 
addition, the number of yearly trips by vehicle type was 
collected for each farm or household in the following 
categories: 

• The origin of deliveries to each home and field tract; 
• The origin and destination of pickup truck and farm 

equipment trips; 
• Intra- and off-farm product hauling by type of product, 

origin, and destination; 
• Personal trips by origin and destination; and 
• The origin of visits to each household . 
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Of the 753 farms that were interviewed, 727 completed farm 
questionnaires, for a response rate of 96.5 percent. Of the total 
of 1,205 households that were interviewed, I, 146 completed 
questionnaires, for a response rate of 95.1 percent. Neighbors 
were questioned about the characteristics of farms and house
holds for those that refused to be interviewed, and questionnaires 
from respondents with similar traits were substituted in their 
place. 

The questionnaire did not include data on school bus, post 
office, and overhead traffic because this traffic did not originate 
and terminate within the study area. School bus routes were 
obtained from school districts that operated buses in the study 
areas. The U.S. Postal Service provided data on postal routes 
and costs. A "stop-and-go" traffic survey was conducted in 
study Area I to obtain data on overhead traffic traveling 
through but not originating or terminating in the study area. 
Because of their rural characteristics, study Areas 2 and 3 were 
judged to have an insignificant amount of overhead traffic on 
county roads. 

Vehicle Travel Costs 

Over 100 different types of vehicles traveled over the county 
roads in the three study areas. The large number of vehicles 
made it necessary to group several different types of vehicles 
together, and to then estimate costs for a typical vehicle in each 
group. The major vehicle groups for which travel costs were 
estimated were automobiles; pickup trucks; school buses; 
commercially owned vans and trucks; garbage trucks; farmer
owned single-axle, tandem-axle, and semitrailer trucks; and 
three farm combine sizes and four farm tractor sizes, each 
pulling seven sizes of grain wagons or farm tillage equipment. 
Variable operating costs per mile were estimated for each of 
these vehicle groups operating on paved, gravel, and dirt roads 
in which variable operating costs include fuel, oil, tires, 
maintenance, and travel time. Variable costs were assumed to 
be a linear function of _the number of miles traveled on each 
surface type, and were therefore estimated in cents per mile. The 
costs were based on 1982 prices and representative vehicles. In 
cases where 1982 prices were not available, those prices that 
were available were adjusted to 1982 price levels. The cost-per
mile estimates and the estimation procedures are described in 
Hansen et al. (14) . 

A travel time penalty was added to the travel cost of the 
time-critical farming operations of planting and harvesting, if 
changes in the road system created additional travel distances 
for these operations. The travel time penalty was estimated by 
calculating how much it would cost the farmer to increase 
machine capacity in order to drive the additional distance and 
complete the time-critical farming operation in the same total 
time required before the change in the road system. A descrip
tion of this procedure is presented in Baumel et al. (10). 

Maintenance costs for paved roads and reconstruction and 
resurfacing costs for all roads were obtained from the Iowa 
Department of Transportation (I 5). Maintenance costs for 
bridges and paved, gravel, and dirt roads, as well as the costs of 
converting land from abandoned road right-of-way to use in 
agricultural production, were obtained from county engineers. 

RESULTS 

The base solution in each study area estimated total miles and 
variable travel costs over the full 1982 road network. A set of 
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roads was then "paved" to provide a core network of paved 
roads in each study area, and the network rr1odel \.Vas rerun to 
estimate total miles and travel costs with the paved core. Low 
traffic volume road segments with no property access points 
were then removed from the computerized road network, and 
the model was rerun to estimate total miles and travel costs for 
the abandonment solution. The number of miles of roads that 
were paved or abandoned by the study area solution is shown in 
Table I. 

TABLE 1 NUMBER OF MILES OF ROAD PAVED 
OR ABANDONED BY STUDY AREA SOLUTION 

Additional 
Study Paved Miles 
Area Solution Miles Abandoned 

I I 29.5 0 
l 2 29.5 5.25 
2 I 17.25 0 
2 2 17.25 9.25 
3 I 32.5 0 
3 2 32.5 17.75 

The estimated changes in travel costs from the base solution 
to the paved solution and from the paved solution to the 
abandonment solution by type of travel are shown in Table 2. 
Total travel costs declined sharply in each paved core solution, 
and the largest portion of these savings accrued to household 
and farm travel. 

In the abandonment solutions, travel costs increased for all 
types of travel except for overhead traffic, which had no cost 
change because no overhead traffic traveled on the abandoned 
roads. The largest increases in travel costs were for farm traffic, 
mostly because distances tu fields ur to farmsteads are typically 
short, and have fewer rerouting options than the long-distance 
household trips required to shop and to travel to schools, 
churches, and other destinations. The long-distance household 
trips frequently can be rerouted with little or no additional 
distance. Another reason for the large increase in farm travel 
costs resulting from road abandonment is that farm vehicle 
travel costs per mile are sharply higher than for other types of 
vehicles; therefore ; a relatively small change in distance has a 
great impact on farm travel costs. 
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The estimated changes in annual road maintenance and 
investment costs for the lhree paved core and the three 
abandonment solutions are shown in Table 3. The average 
annual net change in the cost of paving roads ranged from 
$8,554 per paved mile in Area 3 to $I 0,284 per paved mile in 
Area 2. These costs were net of the costs of maintaining and 
reconstructing the roads if they were to remain gravel roads. 

The average annual cost savings of road abandonment 
ranged from $6,621 per mile in Area 3 to $11,024 in Area 2. 
These cost savings were net of the maintenance and recon
struction costs transferred to roads that would have inherited 
the traffic from the abandoned roads. This wide range of cost 
savings is due almost entirely to the large number and length of 
the bridges on the roads abandoned in the hilly terrain of 
Area 2. 

The estimated maintenance and reconstruction costs in this 
analysis are the annualized costs needed to maintain an 
acceptable level of service for the type of traffic on these roads. 
Some would argue that these cost savings exceed the amount of 
money currently expended on these roads. However, the system 
is deteriorating under the current level of expenditures. These 
roads and bridges will eventually need to be reconstructed to the 
levels assumed by these cost estimates, or the local government 
will face large court claims. 

The benefits and costs of paving and the benefit-cost ratios 
for the abandonment solutions, both before and after paving, 
are shown in Table 4. The direct benefits for the three paving 
solutions were all less than the net paving costs. This means that 
the direct reductions in travel costs that resulted from paving a 
core system were less than the net paving costs. The estimated 
benefits did not include any cost savings from overhead traffic 
that may travel over the newly paved roads, changes in traffic 
origins and destinations resl\lting from the paved core, or 
benefits from economic development. Therefore, no benefit
cost ratios were calculated for the paved-core solutions . 

The benefit-cost ratios of road abandonment were also all 
less than one. This means that the additional travel costs from 
reducing the size of the system were less than the maintenance 
and investment costs to keep the abandoned roads in the 
system. However, the benefit-cost ratios from road abandon
ment for the same set of roads before paving were also less than 
one and only slightly higher than after paving. This indicates 
that travel cost savings from paving the roads had relatively 
little impact on the additional travel costs incurred by aban
doning the roads. 

TABLE 2 ESTIMATED CHANGE BY STUDY AREA IN TRAVEL COSTS RESULTING FROM PAVING 
A CORE ROAD SYSTEM, THEN ABANDONING LOW-VOLUME ROADS 

Change in Travel Costs 

Area l ($) Area 2 ($) Area 3 ($) 

Pave Abandon Pave Abandon Pave Abandon 
Travel Type 29.5 mi 5.25 mi 17.25 mi 9.25 mi 32.5 mi 17.75 mi 

Households -153,451 7,355 -25,326 6,226 -19,997 8,992 
Overhead -11,703 0 
Farm -16,020 9,473 -14,250 28, 768 -25,346 33,165 
Farm time penalties -712 1,858 -321 2,182 -1,359 5,365 
School bus -2, 108 5,547 -672 1,051 -1,0IO 3,818 
Post office 0 2,305 0 1,340 0 9,305 

Total -183,994 26,538 -40,569 39,567 -47,712 60,645 



MILLER ET AL. 7 

TABLE 3 ESTIMATED CHANGE BY STUDY AREA IN 1982 ANNUAL MAINTENANCE AND 
INVESTMENT COSTS FROM PAVING A CORE SYSTEM, THEN ABANDONING SELECTED ROADS 

Change in Travel Costs 

Area 1 ($) Area 2 ($) Area 3 ($) 

· Pave Abandon Pave Abandon Pave Abandon 
Change in 29.5 mi 5.25 mi 17.25 mi 9.25 mi 32.5 mi 17.75 mi 

Road costs 
Variable maintenance -29,584 501 -10,501 675 -I0,936 -11,895 
Fixed maintenance -32,813 -12,258 -29,014 -20,957 -40,232 -42,174 
Resurfacing 67,489 13 35,173 51 69,731 -2,386 
Reconstruction -124,728 -7,604 -34,871 -11,116 -36,922 -19,014 
Paving 382,369 215,535 290,243 

Bridge costs 
Maintenance 0 -1,284 0 -IO, 159 0 -3,120 
Reconstruction 3,268 -8,441 1,084 -57,807 6,108 -19,618 

Net land rental 
value less land 
reconstruction costs 0 -7,184 0 -2,663 0 -19,313 

Total 266,001 -36,257 177,406 -IO 1,976 277,992 -117,520 
Average net change 

per mi 9,017 -6,906 10,284 -11,024 8,554 -6,621 

TABLE 4 CHANGE BY STUDY AREA IN TRAVEL AND ANNUAL MAINTENANCE AND 
INVESTMENT COSTS AND BENEFIT-COST RATIOS FOR ABANDONMENT BEFORE AND AFTER 
PAVING 

Area I ($) 

Pave Abandon 
29.5 mi 5.25 mi 

Change in travel costs -183,994 26,538 
Change in annual 

maintenance and 
investment costs 266,000 -36,258 

Benefit-cost ratio 0.73 
Abandonment benefit-

cost ratio prior 
to paving (8) 0.77 

SUMMARY AND CONCLUSIONS 

This study estimated the impact of the construction of a core of 
paved roads on the benefits and costs of abandoning low
volume roads in three study areas in Iowa. The following 
conclusions can be drawn from the results of this analysis: 

• Construction of a core of paved roads results in a decline 
in travel costs, primarily because vehicle costs are lower on 
paved roads. However, net maintenance and investment costs 
increase sharply with the paved core. 

• The reduced travel costs that result from the use of the 
paved core are less than the increased maintenance and 
investment costs in each of the three areas. However, the 
reduced travel costs do not include any cost savings from 
overhead traffic that may travel on the newly paved roads or 
from changes in origins and destinations as a result of use of the 
paved core or benefits from economic development. Therefore, 

Area 2 ($) Area 3 ($) 

Pave Abandon Pave Abandon 
17.25 mi 9.25 mi 32.5 mi 17.75 mi 

-40,569 39,567 -47,712 60,645 

177,406 -IOI ,977 277,992 -117,520 
0.39 0.52 

0.39 0.71 

these results should be interpreted only in terms of their impact 
on abandonment decisions and not in terms of whether to pave 
or not. 

• A core of additional paved roads has little or no impact on 
the benefit-cost ratios of road abandonment. The benefit-cost 
ratios for keeping the three sets oflow-volume roads in the three 
study areas declined only marginally after construction of the 
paved core in Areas 1 and 3, and not at all in Area 2. 
Abandonment becomes only slightly more economical after 
paving in Areas 1 and 3, and is equally valued before and after 
paving in Area 2. Abandonment of a small number of low
volume roads with no property access remains a highly 
economical option in all three study areas. 

• It is possible that the indirect benefit of the paved core on 
other investment strategies could make the construction of a 
paved core in Area 1 an economical option, or that another set 
of roads could be paved economically there. However, further 
analysis is needed to test this hypothesis. 
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Financing and Maintaining Low-Volume 
Roads in the Midwestern United States 
NORMAN WALZER AND DAVID L. CHICOINE 

Rural governments in the Midwest have encountered major 
difficulties maintaining the roads and bridges that are needed to 
serve rural regions and the agricultural industry. Advances in 
farming technology have resulted in the use of larger and 
heavier equipment, which has placed greater load-bearing 
requirements on low-volume roads and bridges. Weakened 
property tax bases and shrinking federal and state inter
governmental assistance are resulting in stringent fiscal condi
tions for responsible local rural governments. Four issues are 
examined in this paper. First, the uses of rural roads by the farm 
sector are reviewed. Second, the condition of roads and bridges 
is described, including detail regarding the costs of upgrading 
the transportation structures to an acceptable condition. Third, 
the main revenue sources that fund rural roads and bridges are 

N. Walzer, Department of Economics, Western Illinois University, 
Macomb, Ill. 61455. D.L. Chicoine, Department of Agricultural 
Economics and Institute of Government and Public Affairs, University 
of Illinois, Urbana, Ill. 6180 I. 

discussed, including a review of the expected trends in these 
sources. Fourth, policy options to address the rebuilding of 
rural road systems are considered. Infrastructure financing 
issues are not easily addressed. Rising costs, increased dem;mdi, 
driven by advancing agricultural technologies and nonfarm 
business activity, and shrinking revenues are forcing disinvest
ment unless new revenue sources are used. The magnitude of the 
costs of upgrading the system to acceptable levels, however, is 
so large that local rural governments do not have the fiscal 
capacity to make needed improvements without financial help 
from states and the federal government. Timing is critical 
because further delays and continued disinvestment may force 
costs to rise in the future. 

The condition of the nation's infrastructure has been a cause of 
national concern. Policymakers realized that the cost of 
upgrading the infrastructure to an acceptable level of perfor-
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mance was estimated to have reached trillions of dollars, which 
far exceeds the resources currently available to most state and 
local governments (J). The options available for raising the 
necessary revenues are limited, but the importance of safety 
issues and the contribution of the local infrastructure to the 
effective functioning of the U.S. economy demands that the 
problem receive immediate attention. 

Much of the national concern involves the condition of 
streets, water mains, and sewer systems in large metropolitan 
areas. Only recently have comprehensive studies been reported 
for nonmetropolitan areas (2, 3). Available information, how
ever, indicates that in light of the revenue-raising capacity of 
rural governments, the infrastructure problems in rural com
munities may be just as severe as those in major urban areas. 
The continued poor economic performance of the farm sector 
suggests that the fiscal capacity of many rural governments will 
deteriorate in the future (4). 

The problems experienced with financing low-volume roads 
in rural areas are examined from four perspectives. First, the 
use of the roads, particularly in regard to agriculture and 
agribusiness travel demands, is reviewed. Second, detail on the 
conditions of rural road systems and estimates on the costs of 
upgrading are provided. Third, financing patterns for low
volume roads and bridges are discussed, including particular 
attention to changes and trends in revenue sources. Finally, 
alternatives available to policymakers in rural areas to improve 
the condition of the low-volume rural roads and bridges that are 
maintained by townships are presented. The descriptions and 
analyses are based on data collected from township governments 
and farmers, as major users of rural roads, in Illinois, 
Minnesota, Ohio, and Wisconsin. The 16,734townships studied 
are responsible for approximately 55 percent of all rural roads 
in the four-state region. Although these states are in the 
Midwest, they represent sufficient variation in arrangements 
for providing and financing low-volume rural transportation 
that these results can be generalized to other regions of the 
United States, as well as other areas of the world. 

Many perceptions of low-volume roads exist, depending on 
the region of the country and the level of government. Because 
of the importance of farm-to-market roads, roads maintained 
by townships are used as the basis for comparsion in the 
Midwest. These routes provide the first link in moving com
modities to market and are critical to the transport of purchased 
inputs to farms. Because of the poor farm economy, rural roads 
have become essential in linking farm families with off-farm 
jobs. 

The administration of low-volume roads differs among the 
states. In some states (e.g., Iowa and Indiana) counties have 
primary responsibility for low-volume roads. In other states 
(e.g., Illinois, Minnesota, Ohio, and Wisconsin), township 
governments are responsible for constructing and maintaining 
a significant majority of low-volume rural roads and bridges. 
Counties in these states also maintain overlapping higher
volume routes. In still other states (e.g., Kansas, New York, and 
Idaho), a combination of counties, townships, and special 
districts share responsibilities for low-volume roads. Finally, in 
states such as Virginia and West Virginia, low-volume roads are 
administered by the state governments. 

For the purposes of this discussion, low-volume roads are 
defined as the farm-to-market roads that bring rural families to 
communities and the connecting roads between farms and 
county collectors or state highways. Many of the roads (48.6 
percent) have a loose aggregate surface and a narrow right of 
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way, and most (62. 7 percent) have traffic loads off ewer than 50 
trips per day (2, p. 49). Connecting bridges on these systems 
were typically constructed in the early 1900s and many currently 
will not support the loads imposed by loaded school buses or 
farmers who are marketing commodities. In the Midwest and 
West, low-volume road systems are characterized by rectan
gular road grid patterns that follow section lines from the land 
survey tasked in the Ordinance of 1785. A typical Midwest 
township is responsible for about 50 miles of section line road 
and 9 or IO connecting single-lane bridges. 

SERVICE DEMANDS ON LOW-VOLUME ROADS AND 
BRIDGES 

The weight of the produce transported over low-volume roads 
and bridges is a major determinant of the conditions in which 
these transportation systems must be maintained. Simple 
vehicle counts fall short of measuring the service demands of 
farmers. The agriculture industry is a prime user of the rural 
roads, and the weights transported provide a 'reasonable 
estimate of the demands on low-volume roads in the Midwest. 
The largest number of farmers in the midwestern survey (43.8 
percent) reported using straight •trucks with a gross loaded 
weight of 25, I 00 lbs coming to the farm and 28,000 lbs leaving 
the farm (Table l). Most low-volume roads and bridges will 
therefore have to accommodate these loads. 

Semi-trucks were reported by IO percent of the farmers as the 
type of vehicle used to transport commodities to market. 
Farmers reported that the average weight of semi-trucks 
hauling to market was 66,300 lbs (Table I). 

Although the percentage of farmers that use semi-trucks is 
relatively small, some of the rural roads and bridges will have to 
accommodate these weights. Because the consolidation of 
farms into larger operating units is being accelerated by the 
financial crisis in American agriculture, the use of semi-trucks 
in agriculture, and therefore on low-volume roads, will probably 
grow. 

Farm tractors and wagons are more common on these roads. 
The average weight of these vehicles is between 14,800 lbs and 
19,400 lbs. Also common are pickup trucks that range between 
6, 100 lbs and 6, 700 lbs. The use of private automobiles was not 
reported, but these vehicles are unlikely to pose weight problems 
for rural roads and bridges. 

Although the use of heavy trucks is seasonal, their reported 
requirements must unquestionably be met by the transportation 
system to be of service to ·the farm sector. Unfortunately, the 
spring season, which involves planting and the delivery of 
inputs to farms, may pose the greatest hazards to roads, 
especially those with a loose aggregate surface and little base. 
Spring road use by vehicles with heavy loads can also be 
expected to increase with the consolidation of farms and 
advances in technology as farms purchase larger amounts of 
off-farm inputs for bulk delivery and possibly field application. 
These off-farm inputs include fertilizers and herbicides that are 
delivered in bulk quantities and applied by the farmers them
selves. The agribusinesses that serve farmers in Illinois reported 
that 29.9 percent of their trips were made during the spring 
season (2, p. 46). In the four mid western states, 48.6 percent of 
the ro.ad miles maintained by townships were gravel (2, p. 49). 
Measures of road usage by traffic volume.do not reflect the 
agricultural transport demands on rural roads that are evidenced 
by the load weights and seasonality of trips. 
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CONDITION AND STATUS OF LOW-VOLUME ROADS 

The limited information available on the condition and financing 
of low-volume roads and bridges is a major dilemma that faces 
scholars and policymakers. Major secondary data sources, such 
as the Highway Statistics series of the Federal Highway 
Administration, report the miles of road administered by 
townships and other very general data but virtually no in
formation on the condition of low-volume roads (5). Any 
detailed analysis of low-volume road systems must rely on 
primary data. Even state highway departments, in many 
instances, do not have extensive information on the condition 
of low-volume roads. 

The collection of information on low-volume roads is made 
more difficult by the part-time status of local officials respon
sible for rural roads in many states (2, pp. 109-128). Road 
officials in townships are usually elected and have little formal 
training in road building or management practices. Many of 
these officials are full-time farmers or operate small businesses; 
others are retired and serve as township officials, road commis
siom:rs, supe1 inten<lenls, or masters to supplement their incomes. 
All of these officials reflect the volunteer spirit of local 
government in rural areas . 

Data Collection Procedures 

Two approaches are used to collect data on the condition of 
low-volume roads and bridges . The first, and preferred, ap
proach is an engineering inspection of each mile of the road or 
selected samples. The inspection procedure should be followed 
for all bridges 20 ft or longer as part of the biennual federal 
bridge inspection program. Unfortunately, a similar regular 
and systematic inspection of low-volume roads does not take 
place. Such a program would be expensive and was certainly 
beyond the scope of this research project. 

The second approach is to ask local officials most familiar 
with the roads and bridges in their jurisdiction to evaluate them 
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according to specific condition criteria and to apply a rating to 
the road mileage and bridges . Because of budget constraints, 
this approach was followed to develop some information on the 
township rural road system in the four states studied . 

Even though this approach is less exacting than a full 
engineering study, there are several reasons why it provides 
useful information. First, local officials are able to identify the 
condition characteristics easily and are familiar with how their 
roads and bridges compare to these criteria. Second, local 
officials are responsible for making budget decisions on the 
roads and bridges in their jurisdiction, and their perceptions of 
the conditions and quality of these routes and structures, and 
how they relate to service demands; determine how resources 
are allocated . The perception of a local road official on the 
condition of a road or bridge therefore may be more important 
than the engineering rating. In practice, some recommended 
engineering ratings may not even be appropriate for low
volume rural roads. Budgetary decisions take service demands, 
current route and bridge conditions, and available revenues 
into account. It may be difficult to capture the decision-making 
scenario solely with an engineering inspection of a road or a 
bridge. Yet, the decisions made by thousands of local public 
officials affect the performance of low-volume road and bridge 
systems throughout the world . 

In the spring of 1984, a questionnaire was mailed to all 
township highway officials in Illinois, Minnesota, Ohio, and 
Wisconsin. The questionnaire was prepared in consultation 
with representatives of the township officials' association in 
each state. 

An effective understanding of the condition of low-volume 
roads and bridges is enhanced by information obtained from 
users of these systems, especially farmers who in many cases pay 
a substantial part of the taxes that finance rural transportation 
systems. A random sample of farmers was obtained from the 
Crop Reporting Service in each of the four states studied . 
Farmers were asked in a mail survey about the condition of 
township roads and bridges as well as their preferences for 
financing needed improvements. 

TABLE I WEIGHT OF VEHICLES HAULING FARM INPUTS OR PRODUCTS (2, p. 40) 

Illinois Minnesota Ohio Wisconsin Four-State Average 

Type of Vehicle To Far.m To Market To Farm To Market To Farm To Market To Farm To Market To Farm To Market 

Straight truck 
(tank truck) (wt•) 25.7 27.3 27.2 30. I 22.4 25.5 25 .3 29. I 25. 1 28 .0 

(%) 54.3 48.0 47.0 53. I 29.0 38.7 44.7 64.3 43.8 51.0 

Semi-true~ (wt) 62.9 65.5 65.4 73.5 56.2 63.0 62.0 63.2 61 .6 66.3 
(%) 3.3 14.3 I. I 7.3 2.8 I0.9 1.4 7.4 2.2 10.0 

Farm tractor 
(two-wheel wagon) (wt) 19.4 24.5 14.8 15 , I 13.6 17.4 11 ,5 9.7 14.8 16.7 

(%) 3.9 1.7 2.5 1.5 5.6 I.I 2.8 1.2 3.7 1.4 

Farm tractor 
(four-wheel wagon) (wt) 20.7 26.8 16.3 19.5 15.3 18.7 12.J 12.8 16.2 19.4 

(%) 8.6 16.0 21.8 18.3 19.2 18.0 16.5 8. 1 16.6 15. 1 

Pick-up/ goose-
neck trailer (wt) 18.5 18.3 14. 1 14,J 13.8 14,3 11 .2 13.2 14.4 15.0 

(%) 4.5 7.3 1.8 8,4 3. 1 7.1 2. 1 5.4 2.9 7. 1 

Pick-up (wt) 6.5 7.5 6 .1 6.6 5.6 6.0 6.3 6.6 6.1 6.7 
(%) 23.4 9.3 22.8 7.3 37 .1 21.l 30.6 11 .6 28.5 12.3 

Other(%) 1.9 3.4 3.2 4.2 3. l 3.0 1.8 1.9 2.5 3. 1 

•Thousands of pounds 
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Condition of Rural Road Systems 

Farmers and township highway officials reported that low
volume roads and bridges in the Midwest need improvements. 
To ease the comparison of reported data, the percentages of 
road mileage within each condition category as rated by 
highway officials and farmers are presented in Table 2. A 
condition rating of 6 and above is considered adequate with 
normal maintenance. Local highway officials in the four 
mid western states reported that 63 .9 percent of the roads for 
which they have responsibility met the criteria for adequate 
road surface with normal maintenance. Farmers reported that 
74.9 percent of the roads belonged in this condition category. 
The converse is that between 36.1 percent and 25. l percent of 
the roads are not adequate with normal maintenance. 

Differences between the ratings of farmers and local road 
officials can be explained by several factors. First, although 
township officials have better knowledge of road-building 
practices, they also may set standards above those chosen by 
users. Second, farmers and highway officials may not have 
always responded about the same roads. In other words, the 
analysis did not include only those townships in which both 
farmers and a township highway official responded. Also, 
farmers may have developed travel patterns that avoided the 
poorest routes; their perceptions may have been based on some 
subset of total mileage. Township officials probably responded 
for all the routes in their jurisdiction. 

These results indicate that between 1 mile of road in 3 and 1 
mile of road in 4 requires more than normal maintenance to 
have an adequate surface. There were surprisingly small 
differences in the ratings between states. 

Township highway officials were also asked to rate the 
condition of the bridges they maintain. They rated the condition 
of slightly less than one-half of the bridges (49.4 percent) as 6 or 
higher (Table 3). A rating of 6 means that the condition of a 
bridge at least equals present minimum criteria. Approximately 
one-half of the bridges on low-volume rural roads in the sample 
townships therefore do not meet minimum criteria. A condition 
rating of 3 or less indicates that the bridge is basically 
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impassable and has a high repair priority. A total of 20.9 
percent of the bridges in the four midwestern states were 
reported to be in this category. Again, there was little variation 
among the four states. 

The level of condition and standards applied to bridges are 
determined by local officials according to the types of traffic 
loads and volume that must be supported. 1 nfrequently traveled 
bridges that provide access to campgrounds and recreational 
areas, for instance, may be maintained at lower standards than 
bridges traveled by semi-trucks loaded with grain that weigh 
60,000 lbs or more. Likewise, some bridges are posted with load 
limits that restrict certain types of travel. The greatest incon
venience and expense in lost time occurs when farm implements 
are diverted because of load limits or inadequate bridges (6). 
Farmers reported that the most common vehicle used on the 
farm was a straight truck that averaged between 25, 100 and 
28,000 lbs. These vehicles place the greatest overall weight 
requirements on roads and bridge structures because they use 
these routes more frequently. A farm tractor and four-wheel 
wagon was reported to weigh between 16,200 and 19,400 lbs. 
Many, if not most, of the bridges in the four states will need to 
accommodate this weight. Trucks are more easily diverted with 
a lower cost in time lost than a tractor and wagon or field 
equipment. 

Estimated Upgrading Costs 

Highway officials were also asked to indicate the cost of 
upgrading roads and bridges to acceptable standards. Dis
agreement can exist about the precise standards for bridges, as 
well as low-volume roads, based on traffic demands. There is 
often substantial disagreement within states between local 
officials responsible for providing the transportation network 
and state administrators responsible for coordinating local 
efforts (7, 8). 

Because relatively few statutory requirements exist for the 
load-bearing capacity of low-volume bridges, township officials 
are free to determine which bridges will be posted with weight 

TABLE 2 CONDITION OF LOW-VOLUME ROADS IN THE MIDWEST (2, p. 56) 

Numeric 
Rating 

9 

6 

5 
4 

3 
2 

0 

Condition Description 

New or nearly perrect 
condition 

Surface adequate with 
normal maintenance 

Limited failures and 
barely adequate mainte-
nance will be considerably 
higher than normal to 
preve·nt continued 
deterioration 

Considerable failures 
and disintegration 
beyond practical limits 
of normal maintenance 

Failures to extent that 
operation of traffic is 
severely affected 

Closed awaiting repairs 

Illinois(%) 

Officials 

9.3 
10.0 

32.9 
7.9 

16.3 
11.0 

7.3 
1.5 

2.9 

.8 

Minnesota(%) 

Farmers Officials Farmers 

3,9 6.6 2.7 
20.9 9.7 15.5 

32.9 45.6 42,0 
11.2 9.4 15.5 

11.0 14. 1 14.3 
7.2 6.9 2.7 

8.5 3.8 5.3 
2.9 1.3 .7 

1.4 1.9 1.4 

.6 

Ohio(%) Wisconsin Four State Average(%) 

Officials Farmers Officials Farmers Officials Farmers 

8.4 3.5 9.7 6.5 8.7 4.1 
8.2 18.6 6.6 24.2 8.7 19.9 

41.5 40.8 34.0 36.2 38.2 37.8 
8.7 12.9 7.9 12.2 8.4 12.9 

14.1 9.2 15.3 8.3 15.0 I0.6 
10.0 5.9 13.5 4.4 10.4 5.2 

5.5 6.8 7.7 6.0 6.1 6.7 
1.3 2.2 2.9 2. 1 1.8 2.0 

1.9 .2 2.1 .2 2.3 .8 

.3 .4 .5 
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TABLEJ CONDITION OF RURAL BRIDGES 

Numeric 
Rating Condition Description Illinois (%) 

9 Condition superior to present 
desirable criteria 20.5 

8 Condition equal to present 
desirable critera 19.6 

7 Condition better than present 
minimum criteria 7.1 

6 Condition equal to present 
minimum criteria 8.9 

5 Condition somewhat better than 
minimum adequacy to tolerate 
being left in place as is 9.8 

4 Condition meeting minimum 
tolerable limits to being 
left in place as is 13.4 

3 Basically intolerable condition 
requiring high priority to repair 8.0 

2 Basically intolerable condition 
requiring high priority of 
replacement 9.8 

Immediate repair necessary to 
put back in service .9 

0 Closed, a waiting repairs 1.8 

restrictions or closed and in what condition those kept open will 
be maintained. When fiscal conditions are tight, officials 
responsible for low-volume roads must make more informed 
decisions concerning priorities, and must take travel needs into 
account, in terms of both weight and vehicle counts and the 
r~sources available. 

When information was gathered on the costs of upgrading 
low-volume roads and bridges, local officials were not given 
precise standards because such slan<lan.is probably would 
create an upward bias in estimates relative to actual service 
demands. In practice, many local bridges will not be maintained 
at an ideal level, such as that advocated by AASHTO. Some 
bridges will accommodate only 9 tons and others will be 
maintained at a much higher standard. A more representative, 
and possibly less inflated, estimate of expected future costs can 
be obtained by asking focal officials what the costs are of 
upgrading roads and bridges to standards they consider accept
able for the traffic demands in their jurisdiction. 
. Township road officials estimated in 1984 that it would cost 

an average of $7,946 per mile to bring roads for which they have 
responsibility to an acceptable condition (Table 4). This esti
mate took into consideration the fact that a certain proportion 
of roads requires no upgrading and some can be closed. Of 
course, because of differences in travel demands, not all roads 
would be maintained at the same condition level. The estimates 
ranged from an average of $13,752 per mile in Ohio to an 
average of $4,448 per mile in Minnesota. A total of 217,938 
miles of low-volume roads are maintained by townships in the 
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Four-State 
Minnesota (%) Wisconsin (%) Ohio(%) Average(%) 

14.5 I0.6 5.3 13.6 

14.5 16.6 12.4 16.0 

7.3 7.6 8.0 7.4 

12.7 15.1 15.9 12.3 

12.7 12.1 16.8 12.3 

16.4 19.6 19.5 17.3 

9.1 9.1 12.4 9.9 

9.1 7.6 8.0 8.6 

1.8 1.5 .9 1.2 

1.8 .3 .9 1.2 

100.0 

four midwestern states studied. A total outlay of $1,731.9 
million (in 1984 dollars) will be required to improve the roads, 
based on the costs just mentioned. The range of costs between 
the four states varies from $910. I million in lllinois to $385.4 
million in Minnesota and reflects the variation in both costs per 
mile and total mileage. 

A similar approach was used to compute the costs of 
improving bridges. Township officials estimated an average 
cost of $27,060 to improve existing bridges (Tabie 4). This 
accounts for the fact that some of the bridges will need no work 
at all and others must be completely reconstructed . Likewise, 
not all bridges will have the same_ load-bearing c~pacity. 

An average cost of $27 ,060 per bridge (1984 estimate) and a 
total of 29,940 bridges on the township system yields an 
aggregate cost of $810.2 million to improve the bridges, which is 
a staggering cost given the size of the typical township budget. 
The costs would be much higher if all township bridges were 
brought to nationally recognized professional standards . 

REVENUE SOURCES AND FISCAL CONDITIONS 

Rural township governments responsible for farm-to-market 
roads often are not in a fiscal position to finance the investment 
needed to improve low-volume roads and connecting bridges to 
the condition needed to meet traffic demands. In recent years, 
the depressed farm economy has, in some cases, decreased the 
rural property tax base by as much as one-third or more (9). In 
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TABLE 4 ESTIMATED DOLLAR COST OF UPGRADING TOWNSHIP ROADS AND BRIDGES 
(2, p. 61)) 

Four-State 
Costs Illinois Minnesota Ohio Wisconsin Average 

Cost per road mile 7,271 4,448 
Road milleage 68,585 55,226 
Total road costs ($M) 498.7 245.6 

Cost per bridge 35,045 23,280 
Number of bridges 11,739 6,006 
Total bridge costs ($M) 411.4 

Total Road and 
Bridge Costs ($M) 910.1 

the mid western states, in which township governments rely on 
property taxes for a substantial portion of the revenues spent on 
roads, tax base losses of this magnitude would cause significant 
fiscal stress and present difficult choices to responsible road 
officials. Because dependence on property taxes to finance rural 
road services varies markedly among states, not all rural road 
systems will be affected to the same degree (10). 

Local governments also suffered a major financial blow with 
the loss of federal revenue sharing. Township officials in the 
Midwest that responded to the 1984 survey reported that 83.8 
percent used federal revenue sharing for road purposes and that 
an average of 84.5 percent of the federal revenue sharing funds 
received was spent on roads and bridges. These funds were very 
important. In Illinois about 13 percent of the funds spent per 
mile of township roads was financed by federal general revenue 
sharing. In Minnesota, Ohio, and Wisconsin, these percentages 
were estimated as 27, 22, and 19, respectively, with a four-state 
average of 20 percent (I 1). 

The loss of this revenue source compounds the fiscal stress of 
rural road systems and raises serious questions about the 
quality of the infrastructure in the future. In the current climate 
of taxpayer resistance and Wt>9_~ening farm property tax bases, 
it will not be easy to re'.Jlace the lost federal revenue sharing 
funds with property ta { increases. Without other sources of 
revenue, current levels of spending will be difficult to maintain 
and increased outlays appear unlikely. 

The third revenue source available to township governments 
in the Midwest, and commonly throughout the United States, is 
state motor fuel tax (MFT) and, possibly, license fee rebates. 
States collect MFTs and rebate a portion of their receipts to 
local governments based on population, vehicle registrations, 
miles of road maintained, and other factors. In some states, 
these funds are allocated to local governments in the form of 
grants, based on some indication of financial need or service 
demand. 

Even though states have raised the MFTs in recent years, 
there is still strong evidence that state grants to local govern
ments for roads have not kept pace with inflation. The 
allocation to Illinois townships in 1985 represented the level of 
purchasing power typical of the early 1970s (12). OPEC policies 
in the early 1970s contributed to major price increases for 
petroleum-based products, many of which are used in road 
construction and repair. Thus, local governments faced double
digit increases in prices paid for road materials and other 
supplies whereas property taxes and state road grants were 
increasing much less rapidly or, in some instances, declining. 

139.8 

385.4 

13,752 8,525 7,946 
34,847 59,640 217,938 

479.2 508.4 1,731.9 

18,456 25,864 27,060 
7,604 4,591 29,940 

140.3 118.7 810.2 

619.5 627.1 2,542.l 

Combined with the loss offederal revenue sharing, the result is a 
very tight fiscal condition with a possible decline in property tax 
revenues in the future because of a weakening farm property tax 
base. 

Townships will have to raise property taxes by up to 23 
percent just to replace the federal revenue sharing grant if 
spending on rural roads in the four mid western states is to be 
maintained. An average of $1,254 was spent per mile of road in 
1982, which was the most recent year for which complete data 
were available. The average expenditures in each of the four 
states were $1,529 per mile in Illinois, $671 per mile in 
Minnesota, $1,801 in Ohio, and $1,662 per mile in Wisconsin 
(11). Little capacity exists during these economic conditions to 
finance the improvements necessary (an average of $7,946 per 
mile) to raise service levels on rural township roads to the 
acceptable condition identified by township officials. 

POLICY OPTIONS 

Few policy options are available to township governments that 
address the disequilibrium between available revenues and 
expenditures required to maintain and improve the rural road 
infrastructure. However, some options should be evaluated. 
The implementation of specific policies will vary from state to 
state, but these policies will determine the future condition of 
low-volume transportation systems that serve agricultural and 
rural areas. Several alternatives are discussed in the following 
paragraphs. Policy options, in some cases, are drawn from the 
analyses of rural township road systems in the four states. 

Reduce Number of Roads and Bridges 

Transportation systems in rural areas in many regions of the 
United States, particularly the Midwest, were established in the 
mid- to late 1800s when the travel conditions and needs of 
residents differed markedly from those of today. The most 
notable difference in the Midwest is the existence of a section 
line rectangular road grid with one mile of road at each mile 
intersection. This road system provided critical access to land 
during settlement and was necessary with horse-powered 
transportation, but some of these roads are not needed today. A 
reduction in the number of road miles and bridges under 
maintenance could provide a savings in cost. 
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A common reply from local township officials is that politics 
prevems ihe ciosing of roads and bridges. However, recent 
evidence exists to the contrary. More than one-fourth (28.8 
percent) of the farmers that responded to the mid western low
volume road survey indicated that an average of 8. 7 miles of 
road and two bridges in their area could be closed to save costs 
without causing serious hardship or significant disruptions in 
travel patterns. For the typical midwest township, these figures 
represent about I in 5 miles of rural road and one in five 
connecting bridges (2, p. 172). 

Township highway officials expressed a similar perception. 
Nearly one-fourth (24.9 percent) responded that roads and 
bridges could be closed, but that this strategy would affect only 
3.2 miles of roads and an average of 1.8 bridges in the township 
(2 , p. 171). It should be noted that in a survey such as this , 
farmers answered the question of which roads or bridges should 
probably be closed under the assumption that the road or 
bridge that served their property would not be closed. As long 
as someone else is affected, closing a road or bridge as an 
adjustment policy is acceptable. 

Although reducing the number of roads or bridges appears to 
be logical given the changes in travel patterns and service 
demands, intrastate revenue allocation systems do not always 
encourage the adoption of this alternative. In practice, states 
frequently allocate state road grants to local governments based 
on the number of road miles in service. When roads are closed, 
the funds are reduced . Local governments are therefore given 
an incentive to keep the maximum number of road miles open 
and maintain them less. This could possibly lead to serious 
liability problems as more and more travel occurs on roads 
where disinvestment is taking place. Furthermore, in situations 
in which rural road systems rely heavily on property taxes, 
property owners certainly have no incentive to accept road or 
bridge closures that affect their property unless there are 
offsetting adjustments in property tax bills. 

Reduce Conditions and Maintenance Selectively 

One approach to alleviating the fiscal stress of maintaining 
low-volume roads in some states (i.e., Washington and Iowa) is 
to designate certain roads for lower levels of maintenance. The 
designation of roads as "primitive or limited service roads" 
limits ihe iiabiiiiy of iocai governments and iocai government 
officials for accidents on roads that are designated as having a 
reduced quality of service as long as certain conditions are met. 
Travelers are advised by the placement of many signs that they 
travel at their own risk when they enter a reduced maintenance 
route. When the prescribed conditions are met, local govern
ments can significantly reduce the maintenance on these roads 
and allocate scarce resources to other critical routes. 

A side-attraction of this approach is that as long as the road is 
legally open, it qualifies for state M FT rebates when funds are 
allocated on this basis. This approach also creates an oppor
tunity if demands and travel patterns shift for local governments 
to later approach road users and propose that the property 
owners provide supplemental resources for road improvements 
through special assessments as is now commonly practiced in 
urban areas. In other words, those users that are interested in 
upgrading road conditions can pay a portion of the cost or can 
contribute labor and materials toward improvements. This 
option is attractive to local officials as long as they are 
convinced that the state government, in changing liability 
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statutes, does not intend to withdraw full support for roads 
designated as reduced maintenance roads. However, without a 
lower property tax bill for road purposes, there is no incentive 
for landowners to voluntarily agree to accept "primitive roads" 
in areas in which property taxes are a significant source of 
revenue. 

Raise Additional Revenues 

A strong argument can be made for allowing users of low
volume roads to bear a major portion of their costs. Agricul
tural businesses are one of the dominant users and in many if 
not most states they pay for rural roads and bridges through 
local property taxes and / or state motor fuels taxes and license 
fees that are distributed to local road agencies. A main concern 
now is the poor financial condition of many farmers, which is 
reducing the fiscal capacity of rural townships and counties, 
particularly in the Midwest. Property taxes are already trouble
some for farmers in some states and further increases could be 
devastating and would likely meet significant resistance. 

Farmers and agribusiness users of low-volume roads are 
willing to pay for road and bridge improvements, but they do 
not favor higher property taxes. Farmers responding to the 
Mid west low-volume road survey reported a willingness to pay 
between $8.62 and $I 8.20 more per month for better roads, 
depending on whether they were farming as few as I 50 acres or 
as many as 1,000 or more acres (2, p. 158). In light of the fact 
that the average township in the four states raised $106.16 per 
capita, an increase of $8.62 per month represents $I 03.44 per 
year and $18.20 per month represents $218.40 a year. Increases 
of these magnitudes could be a significant help to rural 
townships. However, strong resistance will exist to raising these 
revenues with property tax hikes. 

The farmers that responded to the survey expressed the view 
that road users at both state and local levels should be required 
to pay for the roads and property owners should not have to pay 
the full cost. The respondents were presumably supporting 
greater use of state motor fuels taxes and / or license fees in 
which receipts were shared with local governments. 

Another revenue source available to some local governments 
is optional local road users' taxes, such as a wheel tax.· For 
example, counties in Ohio and Indiana are authorized to adopt 
a locai fee to piggyback on the state vchicie registration charge. 
Counties and townships in Wisconsin also have an option to use 
this revenue source. However, the revenue potential of a local 
wheel tax on cars and light trucks at reasonable rates appears to 
be rather limited for low-population, rural townships. For 
example, a $10 passenger vehicle wheel tax would raise an 
estimated $6,300 in a typical rural Midwest township with a 
population of 1,000. For the typical township this represents 
$126 per mile, but only 1.6 percent of the estimated cost of 
improving the average rural road to an acceptable condition. 
The potential small revenue yield may not outweigh political 
resistance. This type of levy, however, does diversify the 
revenue base that finances rural low-volume road systems, 
which may be a compensating advantage (1 I). 

Restructure Local Public Finance 

Taxpayers nationwide have resisted increases in property taxes 
since the era of Proposition 13 in the la~e 1970s. Pressure is 
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currently growing in such states as Illinois and Wisconsin that 
are heavily reliant on the property tax to re-examine the 
financing of local public services, especially schools. Schools 
nationwide are heavy users of property taxtis, and many farm 
families no longer have children of school age. They therefore 
see property taxes as a burden that has few direct benefits. 

A strong case can be made for financing a greater portion of 
school expenditures, particularly in rural areas, from state-wide 
levies, such as income tax, because of the out-migration of 
secondary school graduates from rural communities. Many 
rural school district graduates are leaving the area in search of 
employment. Local public investments of property taxes are 
not recovered in local tax receipts; therefore, other places and 
the state as a whole reap most of the benefits of property tax 
expenditures on rural schools. The financing of a larger share of 
local educational programs from state (or federal) sources 
would have the advantage of revenues being collected from a 
wider population base, which would help realign the costs and 
benefits of education expenditures. Shifting some of the burden 
of school financing off property taxes would make more of the 
property tax base available to finance local services such as 
low-volume roads and bridges. 

Improve Management and Organizational Efficiency 

Low-volume rural roads and bridges are overseen by part-time 
officials of small governmental units. The inexperience and 
unsophisticated administration of officials frequently create a 
potential for improvements in management practices and, 
therefore, cost savings (13, 14). Efficiency can be improved in at 
least three ways. The first way is to increase cooperation among 
small governmental units. These cooperative agreements could 
include sharing expensive capital equipment and/ or technical 
expertise (15). Group purchasing programs can also be effective 
and result in significant price advantages to cooperating local 
agencies. 

An alternative approach that is used in several states (New 
York, for example) is to use a "circuit rider" who provides 
management expertise to small rural governments. The circuit 
rider provides specific technical expertise on a short-term, low
cost basis. Multiple local governments pool their resources to 
finance this assistance and to maintain regular contact with 
state government agencies. This type of project has been well
received by local governments and could serve as a model to 
improve the administrative performance of smaller governments 
(15). 

The second approach is to create an organized training and 
profession improvement program for local officials on special
ized topics and general administration and planning. Instruction 
on road construction techniques, financial management, pur
chasing practices, and related topics could be considered as a 
way to upgrade the management skills of part-time local road 
officials. 

The third approach to improve administrative performance 
is the possibility of combining the smallest administrative units 
into larger, more efficient, and better managed jurisdictions. 
Larger units can attract more qualified workers, make more 
effective use of specialized machinery and employee skills, and 
achieve cost savings from quantity discounts on services (/6). 
Consolidation efforts are likely to run into opposition, especially 
by rural residents who often suspect the quality of service will be 
reduced when the administration of the road system becomes 
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more centralized. The effective execution of a consolidation 
program requires that assurances be made to continue to 
provide adequate roads and responsive governance. 

Make Greater Use of Volunteers 

Policymakers in rural areas that are interested in lowering road 
costs could make more effective use of volunteer efforts. 
Farmers and other road users could work together to assist 
local governments in maintaining routes. The use of private 
trucks to haul gravel and assistance from farmers in dragging 
gravel roads and maintaining the right of· way could save 
considerable tax dollars. Likewise, the greater care taken by 
road users during seasons in which heavy loads are moved could 
keep a high-quality road from becoming a low-quality road. 

The use of volunteers has its limitations, however. The 
volunteers must be trained in the essentials of road maintenance 
or the outcome may not be satisfactory and costs might increase 
even more. Liability problems associated with the possible 
injury of working volunteers and liabilities for vehicle accidents 
on roads partially maintained by volunteers may limit use of 
this option. The high cost of liability insurance is already a 
major problem for local governments. 

Reduce Overall Level of Service 

The least desirable option, but one that is most likely to be used 
during tight fiscal situations, is to reduce the overall level of 
maintenance throughout the jurisdiction. When revenues fall 
short of needed spending, there is a tendency to make temporary 
and less costly repairs to roads and bridges. What may appear 
to be a lower cost in the short run may cost much more in the 
long run. Nevertheless, demands by residents leave local 
officials with few options but to apply temporary patches to the 
roads and exacerbate the slow disinvestment in rural road 
systems by inadequately maintaining them. 

The uniform reduction in service levels throughout a juris
diction was the option least favored by Midwest farmers that 
responded to the road survey. Most farmers favored the 
differentiation of service levels according to traffic and load 
demands as an approach to reestablishing the equilibrium 
between spending and revenues. Township road officials alterna
tively indicated that a uniform reduction in service was the 
management approach favored to address revenue short-falls 
(2, pp. 168, 172). 

CONCLUSIONS 

Rural roads and bridges that serve agricultural and low
population density areas are deteriorating in the Midwest. 
Between I in 3 and 1 in 4 miles are inadequate for local travel 
demands if normal maintenance is continued. One-third of the 
bridges are inadequate in their present condition. Without a 
serious program to improve them, these roads and bridges will 
further deteriorate and disinvestment will continue. 

Few options exist for financing low-volume roads and 
bridges in the Midwest at their current level of service. The 
probability of financing increased spending to improve service 
levels under existing road financing systems is small. Townships 
responsible for these transportation systems have experienced 
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real declines in their main revenue sources. The farm recession 
is causing significant declines in the local tax base in some areas. 
State motor fuel tax rebates have not kept pace with inflation, 
even though the tax rates have increased recently. Federal 
revenue sharing, which was used by a great proportion of 
townships to maintain roads and bridges, has been eliminated. 
All of these changes will have a significant negative effect on the 
fiscal capacity uf respunsiblt: local guvernmenls Lu adequately 
provide roads and bridges to meet even minimum service needs. 

Options available to state and local policymakers involve a 
combination of reductions in the number of miles or bridges 
maintained, increases in revenues from current sources or the 
use of new sources, reduction in maintenance on less frequently 
traveled roads or bridges, and improvements in management 
and organizational efficiency. Some thought should be given to 
restructuring local public finance so that schools could be 
financed more from revenue sources such as state income taxes 
and less from property taxes. Shifts in school financing could 
allow the greater use of property taxes for localized services 
such as roads. The authorization of local option user taxes, such 
as piggyback wheel taxes, would further diversify the financial 
system that supports rural roads. However, potential revenues 
from this type of levy in rural townships would fall short of 
replacing lost revenues and would contribute little to the 
revenues needed to rebuild rural routes. 

None of these options is easy. However, the future of low
volume roads necessitates strong actions by local officials and 
state policymakers. Without strong corrective actions, problems 
will worsen, disinvestment will continue if not accelerate, and 
the costs to remedy conditions and reestablish an acceptable 
level of road service will ultimately be higher. 
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Evaluating Alternative Maintenance 
Strategies for Low-Volume Roads in 
Sub-Saharan Africa 
C.C.COOK 

Recent applications ofthe World Bank's Highway Design and 
Maintenance (HDM) model in sub-Saharan Africa indicate 
that periodic maintenance is generally justified by vehicle 
operating cost savings only on paved roads with traffic levels of 
more than 100 vehicles per day (vpd) and on unpaved roads 
with traffic levels of more than 50 vehicles per day. If traffic 
levels are below 50 vpd on paved roads and 20 vpd on unpaved 
roads, the HD M indicates that periodic maintenance should be 
postponed indefinitely. Road rehabilitation in potentially 
productive areas often appears economically justified at lower 
traffic volumes, based on the increase in agricultural production 
that occurs when road access is provided. These benefits may be 
lost if a rehabilitated road is allowed to deteriorate because of 
lack of maintenance. The potential loss of agricultural produc
tion is not considered in the HDM evaluation of an optimal 
road maintenance strategy. The relationship between road 
condition and agricultural productivity to develop an appro
priate maintenance strategy for low-volume roads in sub
Saharan Africa is examined in this paper. Timely periodic 
maintenance is generally justified ifthe initial road construction 
investment was justified. If the expected increases in agricultural 
production or the related generated traffic is slow to materialize, 
the preferred economic strategy would be to defer periodic 
maintenance for 2 to 4 years. It is critical that roads be 
maintained routinely to preserve road access, which is the key to 
the effects of road investments on development. 

The countries of sub-Saharan Africa share several charac
teristics that lead to low traffic volumes on most of their rural 
roads. Much of sub-Saharan Africa is still sparsely populated. 
This population is largely engaged in subsistence agriculture 
and often employs shifting cultivation, combined with or 
complemented by transhumant or nomadic herding. The 
modern transport needs associated with these traditional 
patterns of economic activity are minimal. 

The region is characterized by extremes of temperature and 
rainfall, which result in wide variations in vegetative cover and 
soil quality. Generally speaking, soils that are suitable for road 
building have relatively low agricultural potential, whereas soils 
with high agricultural potential are not well adapted for road 
construction and maintenance. The variations in climate also 
affect the choice of appropriate road maintenance strategies 
because, at low traffic volumes, climate is much more important 
than traffic in determining the rate of road deterioration. 

The traditional approach to development in sub-Saharan 
Africa has been to encourage the rural population to produce 
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cash crops for export to generate cash income that can then be 
exchanged for manufactured goods. Extensive road networks 
have been built, at considerable cost, in pursuit of this objective. 
In many cases, these road building programs have been 
associated with complementary investments to promote crop 
production or with rural development projects to promote rural 
welfare. However, growth in agricultural production has not 
kept pace with the growth of the population, which has resulted 
in declining levels of economic activity and low traffic volumes 
on much of the present road network. 

Sub-Saharan African countries today are faced with critical 
decisions regarding the use of their scarce public resources. In 
the past, many countries have invested heavily in roads without 
allocating the necessary funds in their recurrent budgets to 
maintain these assets. Consequently, the benefits expected from 
these investments have not been fully realized. Roads that have 
been allowed to deteriorate due to lack of maintenance now 
require expensive rehabilitation or even complete reconstruction. 
Yet it is difficult to justify maintenance expenditures when 
traffic volumes remain low. 

The World Bank called attention to the road maintenance 
problem in 1980 and has since been giving continuous attention 
to the development of analytic tools for planning and pro
gramming maintenance expenditures in the most cost-effective 
manner (1, 2). More recently, it has focused attention on the 
resource allocation problems raised by road deterioration in the 
absence of adequate maintenance (3). Although the problem is 
worldwide, the Bank has been giving particular attention to 
sub-Saharan Africa, where development efforts have been least 
successful and where resource constraints are most severe. 

Recent applications of the Bank's analytic tools, the Highway 
Design and Maintenance (HOM) model and its companion 
Expenditure Budgeting Model, have been made using the road 
networks of several sub-Saharan African countries. This work 
has shown that periodic maintenance is generally justified by 
user cost savings at traffic levels approaching 100 vehicles per 
day (vpd) for paved roads and 50 vpd for earth roads. There is a 
gray area in which periodic maintenance may or may not be 
justified, depending on the unit costs of the maintenance 
activity and on the vehicle mix using the road. This gray area 
lies roughly between 50 and 100 vpd for paved roads and 
between 20 and· 50 vpd for gravel roads. The HOM analysis 
indicates that below these traffic levels periodic maintenance 
should be postponed indefinitely. 

At the same time, however, road rehabilitation and construc
tion studies often show that larger infrastructure investments 
would be viable-at lower initial traffic levels. The reason for this 
apparent inco~sistency is that construction and rehabilitation 
studies take into ac~ount the effect of road improvements in 
generating- or regenerating-economic activity in the sur
rounding area, apart from the normal growth of traffic that is 
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considered in maintenance analysis. The purpose of this paper 
is to examine the reiaiionship between road condition and 
agricultural productivity in greater detail to determine the most 
appropriate maintenance strategy for low-volume roads. 

METHODOLOGICAL APPROACHES 

Tin: classic methodology for estimating the benefits of road 
investment is based on user cost savings (4). This methodology 
underlies the HOM model, which estimates user costs as a 
function of changing road conditions for a given vehicle mix, 
traffic growth pattern, and time period. The application of 
different maintenance and improvement strategies, with their 
associated cost streams, produces different road conditions 
over time, with associated user cost streams. The HOM model 
defines the optimal strategy as the one that has the lowest total 
net present value. The Expenditure Budgeting Model will select 
the next best program of maintenance activity under budget 
constraints, when sufficient funds are not available to implement 
the optimal strategy. 

It has long been recognized that user cost savings reflect only 
a rough measurement of the benefits accruing to society from 
road investments (5). In particular, the user cost approach does 
not adequately describe what happens when road access is 
provided in rural areas. Rural road construction is not merely 
an incremental change in an existing situation. Roads funda
mentally transform the rural way of life by providing oppor
tunities for contact and communication with a wider world. In 
particular, rural roads provide access to markets, which enables 
specialization of production and exchange between producers 
and consumers. Road access is a prerequisite for development 
programs that are based on the production of cash crops, for 
which imported inputs and information are needed, as well as 
markets in which surplus production can be sold. In short, rural 
roads facilitate the transformation of the rural economy from a 
static system based on subsistence to a dynamic system based on 
trade with the outside world. 

A methodology to justify rural road investments in terms of 
the value added in agriculture as a result of the expected change 
in production has been developed by Carnemark et al. (6). This 
approach is commonly used in evaluating rural road investments 
that are part of a rural development package. Beenhakker has 
shown that the value-added approach is conceptually equivalent 
to the user cost savings approach (7). If rural markets were 
perfect and if all transactions were reflected in transport 
activity, the benefits of rural road investments would indeed 
correspond to measurable changes in traffic. 

The value-added approach assumes that, by reducing 
transport costs, a rural road improvement will provide an 
adequate incentive for traders to purchase cash crops at a price 
that makes it rewarding for the farmer to produce them. It 
further assumes that these reduced transport costs will be in 
effect over the life of the project-in other words, that the road 
will be maintained so that its condition will not deteriorate. 
Maintenance costs are included in calculating the costs of the 
improvement. Consequently, if the initial investment is justified, 
subsequent maintenance should also be justified. 

THE PROBLEM 

A maintenance planner could be faced with a problem 5 to JO 
years after the initial investment was made, that traffic on the 
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road does not appear to justify the planned investment in 
pefiodic inaintenance. Should the road be abandoned? Should 
it be allowed to deteriorate to the point where rehabilitation will 
become necessary? Or should it be maintained, regardless of 
present traffic levels, in order to preserve the benefits of the 
rural development program? 

The answers to these questions are not obvious. A number of 
other questions need to be answered before a truly optimal 
maintenance policy can be determined. 

Has the Rural Development Program Failed? 

It is possible that the failure of traffic to materialize reflects a 
genuine failure of the development process. This may be due to 
physical constraints that were not adequately taken into 
account in planning investments, such as limited area of 
suitable soils or inadequate water supply. It may be due to 
socioeconomic factors such as inappropriate land tenure 
systems, labor force constraints, or lack of marketing and credit 
facilities. It may be due to incorrect sector policies on matters 
such as pricing and taxation, or to the promotion of unsuitable 
technical packages. Finally, it may be due to unfavorable 
changes in international commodity markets. All of these are 
factors over which the maintenance planner has no control. 
There is no reason to expect that additional investment in road 
maintenance will reverse the situation, and periodic mainte
nance in this case is not justified. 

Is the Lag Time Longer Than Expected? 

Rural development prograJ.ll.S are frequently opt1m1st1c in 
forecasting the speed with which new technologies will be 
adopted and new production will take place. The expected 
change process often does take place but at a somewhat slower 
rate than expected. This delay reduces the rate of return on the 
original investment package, but this is not the concern of the 
maintenance planner. From his point of view, the original 
investment is a sunken cost. What he must be concerned with is 
the return on a periodic maintenance investment that will keep 
the road in service for a longer period. Because periodic 
maintenance represents only a fraction of the cost of the 
original investment, periodic maintenance is likely to be 
justified in this case. 

Is the Development Process Taking a Different Form? 

Although rural development programs often fail to achieve 
their intended objectives, particularly if those objectives are 
defined in terms of the increased production of cash crops, they 
may well achieve other results that could be seen as contributing 
to rural welfare. Many of these results depend directly on road 
access, even though they do not generate great amounts of 
traffic. Farmers may apply extension advice and inputs such as 
fertilizer and pesticides to the production of food crops for 
on-farm consumption and local exchange. Women may be able 
to diversify family diets through small-scale production of 
vegetables, fruits, and poultry products. Health and education 
services may reach out to rural areas, and human factors of 
production may improve. A wider range of commercial goods 
may appear in local markets, thereby providing incentives for 
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more productive use-of leisure time in cash-generating activities. 
Underutilized labor may respond to a wider range of employ
ment opportunities. A growing network of social relations may 
begin to link the rural community into regional and national 
systems. 

In this situation, a real cost is associated with road deteriora
tion, especially when a road reaches the point where it is no 
longer trafficable. Rising road user costs due to deterioration 
create negative incentives for road use to service providers, 
traders, and transporters from outside the area, as well as to 
those rural residents who can afford to use vehicles. At some 
point, the costs will become too great, and the critical actors in 
the rural development process will simply cease to use the roads. 
In an extreme case, the countryside will revert to a subsistence 
economy, but with this difference-rural residents, the "bene
ficiaries" of the original investment, will have become deeply 
disillusioned about development and will be more reluctant to 
take the risks associated with change and growth in the future. 

A MODEL FOR EVALUATING MAINTENANCE 
INVESTMENT 

A proposed model for evaluating alternative strategies for the 
maintenance of improved low-volume rural roads in potentially 
productive agricultural areas is described in the following 
paragraphs. The model is based on experience in sub-Saharan 
Africa, where road deterioration followed by reversion to a 
subsistence economy can frequently be observed. The principles 
of the model, however, can be applied to any developing area. 
In cases where the development process is less problematic than 
it is in sub-Saharan Africa, the priority of periodic maintenance 
should be more readily demonstrated. 

Consider the case of an unpaved road, the initial construction 
cost of which is C, and the expected lifetime of which is t years 
with annual routine maintenance costs of r(C) and periodic 
maintenance costs every n years of p(C). It is assumed at the 
time of road construction that agricultural production will 
increase by x percent per year for y years as a result of the road. 
For the sake of simplicity, it can be assumed that no comple
mentary investments are needed to generate this change in 
production. 

The benefit of the investment is the value added due to the 
increase in agricultural productivity, or the difference between 
the farmgate value of production and the cost of inputs 
(including farm labor) multiplied by the increment of production. 
Again for the sake of simplicity, let us assume that the crop mix, 
the farmgate price of crops, and the cost of inputs do not change 
over the analysis period. (This assumption is commonly made 
to ease the computation of expected benefits, but it is not 
essential to the analysis. What matters is what will happen to the 
net value added in agriculture, taking into account all of these 
factors.) Total benefits are represented by the discounted 
stream of incremental producti~n benefits and total costs by the 
discounted stream of construction and maintenance costs. 

To illustrate this model, let us assume that the lifetime of the 
road is 25 years, annual routine maintenance costs are 5 percent 
of construction costs, and periodic maintenance costs are 20 
percent of construction costs every 8 years. Let us further 
assume that the value of agricultural production (V) will 
increase by 5 percent per year for IO years as a result of road 
construction. (This factor could also represent the share of the 
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growth in value added that is attributable to roads that are part 
of integrated rural development projects.) 

In this case, the present value of benefits (discounted at 12 
percent) is 2.555(V) and the present value of costs (discounted at 
12 percent) is l.3 I 7(C). The investment is justified when the net 
present value (benefits minus costs) is greater than zero or, in 
other words, the rate of return is greater than 12 percent. The 
limitingcaseisgivenby2.555(V) = l.317(C),orC = I.94(V).ln 
other words, under the assumptions outlined above, the 
investment is justified when construction costs are approxi
mately twice the value added in agriculture prior to construction. 
The rate of return on the case where C = 2V is 11.6 percent. 

Let us now consider what will happen if the roads are not 
periodically maintained. If routine road maintenance is regularly 
performed, unit road user costs will remain approximately 
constant for the first 8 years. After that, the road will begin to 
deteriorate and user costs will gradually increase. Eventually, 
the condition of the road will reach a point where user costs will 
become a major deterrent to traffic and the road will be, for all 
practical purposes, abandoned. If routine maintenance is not 
regularly performed, the road will deteriorate much more 
rapidly and will eventually become impassable and therefore 
will require complete rehabilitation. However, for this example, 
let us assume that routine maintenance continues and that the 
road gradually deteriorates until the surface is completely lost 
(Figure I). 

A critical assumption concerns the rate of growth of user 
costs with deferred maintenance. Let us assume that after the 
first 8 years, user costs will increase by about I 0 percent per year 
in the absence of timely periodic maintenance. If the benefits of 
value added in agriculture decrease in proportion to increased 
user costs, this would mean a loss of 9 percent in the benefits 
expected in year 9 and of about 18 percent in the benefits 
expected in year 10. In the following years, expected agricultural 
benefits will not increase, and losses due to road deterioration 
will continue to mount. If no periodic maintenance is done, 
these losses could amount to 80 percent of incremental annual 
production by the end of the analysis period. 

In actual fact, however, user costs do not increase indefinitely. 
At some point, the surface of the road will become completely 
worn away but the structure, which is preserved through 
routine maintenance, will still remain intact. Let us assume that 
this occurs after about 6 years of deterioration, when the road 
reaches its worst condition consistent with continued routine 
maintenance. At this point, losses would amount to about 40 
percent of potential benefits. Under these assumptions, with an 
initial investment the rate of return of which is 11.6 percent, the 
rate of return for a timely investment in periodic maintenance, 
calculated over a 14-yr period, treating previous investments as 
sunk costs, and assuming that routine maintenance is regularly 
provided, is 12.4 percent. 

SENSITIVITY TO ASSUMPTIONS 

Before using this model to explore the effects of deferred 
maintenance, let us examine the effects of possible changes in 
some of the basic assumptions. For example, if the pattern of 
increasing agricultural production originally attributed to the 
road had been expected to extend over 15 years, the periodic 
maintenance investment would have a rate of return of 27.3 
percent (Figure 2). In this case, failure to maintain the road in 
year 8 would cause agricultural production to level off at about 
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50 percent of the maximum potential production. If periodic 
maintenance is done in year 8, agricultural production will 
reach its expected maximum in year 15, as planned. Failure to 
execute periodic maintenance a second time in year 16 would 
cause this maximum production to decline, but it would level 
off at the rate corresponding to the maximum road deterioration, 
which in this case would be higher than the maximum benefits 
gained with no periodic maintenance . 

If periodic maintenance is needed at more frequent intervals, 
a smaller proportion of the benefits depends on each mainte
nance expenditure and the expenditure becomes more difficult 
to justify. For example, if periodic maintenance needs to be 
performed after 5 years, and benefits are expected to grow over 
IO years, the rate of return on the periodic maintenance 
investment alone would be -5 .9 percent (Figure 3). In this 
case, benefits in the absence of timely road maintenance would 
reach a level just slightly higher than those corresponding to the 
maximum road deterioration. If benefits were expected to 
extend over 15 years, a failure to perform periodic maintenance 
in year 5 would cause the benefits to plateau at less than 40 
percent of their potential (Figure 4). Periodic maintenance 
would be needed again in year 10 and if it were not performed, 
the benefits would peak at about 60 percent of the potential and 
then decline to the level corresponding to maximum road 
deterioration. 

The model is also somewhat sensitive to the proportion of the 
original construction costs required for periodic maintenance, 
which is here assumed to be 20 percent. If, in our example, 
periodic maintenance costs 25 percent of construction costs, the 
rate of return on an 8-yr cycle with a I 0-yr benefit growth period 
would fall to 8.3 percent, and the expenditure would no longer 
be justified. With benefits growing over 15 years, the rate of 
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return would be 23.1 percent instead of27.3 percent. If periodic 
maintenance would be necessary after 5 years, the rate of return 
would be -9.2 percent with a JO-yr benefit period and 5.6 
percent with a 15-yr period. 

Finally, our example considers an original investment, the 
rate of return of which is close to 12 percent, which is generally 
accepted as the minimum rate needed to justify an investment 
package. An initial investment with a higher rate of return 
would clearly justify a greater expenditure on periodic main
tenance, all other things being equal. 

EFFECTS OF ALTERNATIVE MAINTENANCE 
STRATEGIES 

Consider the alternative strategy of deferring periodic mainte
nance (Figures 5 and 6). One consequence of deferral is a 
higher cost when the maintenance does take place, which will be 
calculated by spreading the assumed cost over the time period 
considered. Thus, if periodic maintenance is required .every 8 
years and costs 20 percent of construction costs, it is assumed 
that each year of deferral would add 2.5 percent to the cost 
factor. If periodic maintenance has to be done every 5 years and 
costs 20 percent of construction costs, each year of deferral 
would add 4 percent to the cost factor. 

A major consequence of deferral is that benefits of the 
original investment are reduced for the years when periodic 
maintenance should have taken place but did not. These 
reductions represent the losses that would have been avoided if 
periodic maintenance had been performed in a timely manner. 
We will assume that deferred periodic maintenance restores the 

2 3 4 5 .6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
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Fl GU RE 3 Benefits of timely periodic maintenance; benefit growth = 10 years and maintenance interval = 5 years. 
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FIGURE 4 Benefits of timely periodic maintenance; benefit growth = 15 years and maintenance interval = 5 years. 

Percent of 
Benefits 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

2 3 4 5 

Benefits Lost 

Through Deferral ,.. ___ -------------

Benefits Gained 
Through Deferral 

6 7 8 

A 
/ 

/ 

9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Years 

FIGURES Benefits of deferred maintenance (10 years); benefit growth= 10 years and maintenance interval = 8 years. 



COOK 

Percent of 
Benefits 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 

" I ' 
I ' Benefits Lost I ', 

Through Deferral ·~ 

/ 

/ 
/ 

/ 

/ 

/ 
/ 

/ 

Benefits Gained 
Through Deferral 

23 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

Years 

FIGURE 6 Benefits of deferred maintenance (8 years); benefit growth = 10 years and maintenance interval= 5 years. 

road surface to its original good condition, and that routine 
maintenance retains this condition until periodic maintenance 
is due once again. 

In the case of maintenance, which should, from a technical 
point of view, be done every 8 years, rates of return can be 
calculated for maintenance deferred to years 10, 12, 14, or 16 
(Table 1). This comparison shows that deferred maintenance 
would give the highest rate of return between year 12 and year 
14. To determine the optimal year for deferred maintenance, the 
net present values of these alternative strategies are compared 
for the year of timely periodic maintenance, which is the year in 
which the decision has to be made. This analysis suggests that 
year 12 is the optimal year in both cases (Figures 7 and 8). 

A similar analysis for the situation in which periodic 
maintenance is needed every 5 years is shown in Table 2. In this 

TABLE I MAINTENANCE INTERVAL OF 8 YEARS 

Benefit growth over JO years 
Timely maintenance (Year 8) 
Deferred maintenance (Year I 0) 
Deferred mllintenance (Year 12) 
Deferred maintenance (Year 14) 
Deferred maintenance (Year I6) 

Benefit growth over 15 years · 
Timely maintenance (Year 8) 
Deferred maintenance (Year IO) 
Deferred maintenance (Year I 2) 
Deferred maintenance (Year I4) 
Deferred maintenance (Year 16) 

NPVin 
Year 8 

0.004 
0.020 
0.054 
0.039 
0.000 

0.235 
0.296 
0.306 
0.248 
0.180 

IRR(%), 

12.4 
I6.3 
19.8 
I6.9 
12.0 

27.3 
38.0 
47.1 
45.8 
~9.5 

case, deferring periodic maintenance to years 8, IO, 12, or 15 
was considered. As shown in Table 2, periodic maintenance is 
never justified in this case, but timely maintenance is the 
optimal strategy if benefits extend over lO years, and deferring 
periodic maintenance to year IO is the optimal strategy if 
benefits are expected to extend over 15 years. 

TABLE 2 MAINTENANCE INTERVAL OF 5 YEARS 

Bene/ii growlh over 10 years 
Timely maintenance (Year 5) 
Deferred maintenance (Year 8) 
Deferred maintenance (Year IO) 
Deferred maintenance (Year 12) 
Deferred maintenance (Year 15) 

Benefit growth over 15 years 
Timely maintenance (Year 5) 
Deferred maintenance (Year 8) 
Deferred maintenance (Year IO) 
Deferred maintenance (Year 12) 
Deferred maintenance (Year 15) 

CONCLUSIONS 

NPVin 
Year 5 

-0.124 
-0.136 
-O.I47 
-0.156 
-0.163 

-0.047 
-0.063 
-0.050 
-0.053 
-0.068 

IRR(%) 

-5 .9 
-8.8 

-I2.4 
-20.3 
-24.1 

8.2 
4.8 
6.0 
4.8 
0.8 

The conditions under which periodic maintenance investment 
in unpaved rural roads can be justified by losses avoided in 
agriculture alone are relatively restrictive. In the case of a barely 
feasible initial investment, the benefits of which extend over 10 
years, timely periodic maintenance is likely to be justified only if 
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FIGURE 7 Benefits of deferred maintenance (12 years); benefit growth = 10 years and maintenance interval = 8 years. 
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FIGURE 8 Benefits of deferred maintenance (12 years); benefit growth= 15 years and maintenance interval= 8 years. 
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maintenance costs are less than 20 percent of construction costs 
and the maintenance interval is 8 years or more. Furthermore, 
even in this case, a more efficient use of resources will be 
achieved by deferring maintenance for 2 to 4 years. Should 
b~nefit growth extend over a longer period, timely maintenance 
would become more feasible, but the economically optimal year 
of maintenance would still be 2 to 4 years later than the year that 
would be selected according to technical criteria. 

Roads that require periodic maintenance at frequent, 5-yr 
intervals are difficult to justify with agricultural benefits.Unless 
the costs of such maintenance are considerably less in relation 
to construction costs than we have assumed here (or construction 
costs are less in relation to agricultural value added), it might be 
worthwhile to consider an alternative design standard with 
higher initial costs that can support traffic for a longer time 
before periodic maintenance would be needed. 

Two caveats should be noted here. The first is a reminder that 
the model assumes th!lt routine maintenance is regularly 
performed, even in the absence of periodic maintenance, 
thereby ensuring that the road does not suffer serious structural 
deterioration. Expenditures on routine maintenance are almost 
al ways justified, even at extremely low traffic levels. However, it 
is often the case that routine maintenance is not done or is not 
correctly done. In this situation, the road will deteriorate faster 
and the benefits and costs of periodic maintenance will be 
higher than shown here. 

A second caveat is that the benefits here calculated in terms of 
losses avoided in agriculture are at least partly reflected in 
agricultural traffic. Therefore, they cannot simply be added to 
the user cost savings for existing and projected traffic. Theoreti
cally, user cost savings for non-agricultural traffic could be 
counted in addition to losses avoided in agriculture. However, 
in practice it is often difficult to distinguish between agricultural 
and non-agricultural traffic in rural areas. Therefore, the most 
prudent approach would be to analyze alternative maintenance 
strategies either in terms of user cost savings (for traffic volumes 
above 50 vpd for paved ro&ds or 20 vpd for earth roads) or of 
value added in agriculture (for roads with lower traffic volumes). 

OTHER CONSIDERATIONS 

Non-economic considerations often play a major role in 
government decision-making on the maintenance of low-
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volume roads in areas of strategic or political significance. A 
minimal priority network is needed in each country to ensure 
social cohesion and to enable governments to fulfill their 
obligations in times of crisis, such as war or famine. In such 
cases, the appropriate maintenance strategy would be the least 
costly alternative to ensure minimum access. In countries where 
traffic levels are extremely low, it may be more sensible for 
governments to seek alternative solutions to meet basic access 
needs instead of maintaining an extensive road network. 
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Low-Volume Roadway Network 
Improvements and the Accessibility of Public 
Facilities in Rural Areas 
KONSTANTINOS G. ZOGRAFOS AND ROBERT G. CROMLEY 

A very important factor that affects the integrated development 
of rural areas is the underlying transportation network. An 
argument is made in this paper that the development and 
structure of a low-volume roadway network that serves rural 
areas should be coordinated with the location and accessibility 
of the socioeconomic services that are provided in those areas. 
An integrated methodology is introduced to examine the 
relationship between the development of the roadway network 
and the location of public services in rural areas. A variety of 
indices that measure the connectivity of the roadway network 
and the accessibility of public facilities are introduced. A 
scheme for rationalizing the improvements in low-volume 
roadway networks is also presented. Critical roadway segments 
that contribute more than others to the accessibility of the area 
are identified, and various improvements are suggested to 
increase the travel speeds on those road segments. These 
improvements are then evaluated in regard to the need for more 
locations for public facilities. 

The methodology described in this paper is illustrated by a 
case study that examines the relationship between the location 
of health care centers and the roadway network in a rural area 
of Greece. The study shows that improvements in the travel 
times of crucial roadway segments can reduce the number of 
health care centers required to serve that area effectively. 

INTRODUCTION 

A major problem concerning the performance of socio
economic services in rural and semi-urban areas of developing 
countries is the accessibility of these services to the population 
(/). A joint UNICEF /WHO study indicated that less than 15 
percent of the rural population in some developing countries 
has access fo primary health care services (2). 

The accessibility o~ rural areas is diicctly related to the 
structure and properties of the low-volume roadway networks 
that serve them. Low-volume roadway networks should there
fore be developed in such a way that access is provided to the 
socioeconomic infrastructure of rural communities. Riverson et 
al. (J) found that accessibility greatly affects both rural 
communities and the interaction between rural and urban 
areas. 

The close relationship between the accessibility, socio
economic development, and quality of low-volume roadway 
networks led a number of researchers to assess the investments 

K. G. Zografos, Civil and Architectural Engineering Department, 
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made in the development of low-volume roadway networks 
within the framework of integrated rural development (J-7). It 
is to be assumed that when the economics of low-volume roads 
are evaluated in the context of integrated development, 
emphasis should not be placed on transportation economics 
(i.e., roadway user benefit/ cost analysis), but on the broader 
contribution of low-volume roads to the socioeconomic de
velopment of rural areas (4). The improvement of low-volume 
road networks should not be justified solely in terms of the 
benefit to the roadway, but of the benefit to the entire region it 
serves. 

METHODOLOGY 

Definitions 

The problem of improving a low-volume, rural roadway 
network is based on the accessibility of public facilities in that 
area. For methodological purposes, a low-volume roadway 
network can be abstracted in the mathematical form of a graph, 
G ( V, L), where Vis the set' of network nodes and Lis the set of 
network links. The set of the network nodes includes all the 
villages in the study area and the major intersections of the 
roadway network. Nodes are also used to separate the segments 
of the roadway that have different operational characteristics 
(Figure !). The set of network links includes all roadway 
segments that connect the villages in the study area. Two 
important properties that define the operational quality of a 
transportation network are the connectivity of the network and 
the accessibility of the individual nodes. 

The connectivity of a transportation network is defined as the 
degree to which all pairs of nodes of the network are inter
connected (8). A number of indices have been developed to 
measure the connectivity of a transportation network; among 
them are 1) the alpha index, 2) the beta index, and 3) the gamma 
index. If vis the number of nodes I VI = v, and I is the number 
of links I LI = /,then the three indices can be defined as follows: 

a = 1-v+ I 
( !) x 100 

2v-5 

f3 = If v (2) 

y = x 100 (3) 
3(v-2) 

The alpha index expresses the ratio of the number of circuits 
that exist in a network to the maximum number possible. A 
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FIGURE 1 Transportation network of the study area. 

circuit is defined as a path through a network that begins and 
ends at the same node without passing through any other nodes 
more than once~ The beta index expresses the ratio of the 
number of links to the number of nodes to be connected. 
Finally, the gamma index is defined as the ratio of the number 
of Jinks present to the maximum number of links that could 
possibly exist between a specified number of nodes. The 
connectivity indices provide useful aggregate information on 
the structure of an existing transportation network. Maximum 
connectivity of a transportation network is established if there 
is a direct link between each pair of nodes in the system. The 
connectivity of the network and the travel speeds of the 
individual Jinks are the two factors that most affect the 
operational status or quality of a given transportation network. 

The accessibility of public facilities in a given rural region is 
the central copstruct in the development of a methodology for 
selecting low-volume roadway network improvements. Two 
types of accessibility can be defined for nodes in a transporta
tion network: relative and integral. The relative accessibility of 
a node is defined as the length of the shortest path that connects 
it to another node. The integral accessibility of a node is defined 
as the sum of the relative accessibility of one node to all other 
nodes of the network. Integral accessibility indicates how easy it 
is to reach a specific node from the entire set of other nodes in 
the network. The lower the value of the integral accessibility, 
the higher the accessibility ot the node. 

Improvement Selection Scheme for Low-Volume Roads 

The improvement selection scheme (ISS) for low-volume roads 
is based on the fact that the accessibility of a given node, or 
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village, is a function of the travel speeds of individual links and 
the connectivity of the transportation network. The acces
sibility of the villages in turn determines the number and 
location of public facilities necessary to effectively service the 
region under study. 

The number and the location of public facilities partition the 
overall region into sub-regions, or catchment areas, that are 
served by individual facilities. Once the catchment area of each 
individual facility is defined, the accessibility of the villages 
within each service area can be measured. The relative acces
sibility between each village in a given catchment area and the 
village that houses the central facility is measured by the travel 
time required to go from the specific village to the cor
responding center. The greater the travel time, the Jess accessible 
the central facility is. 

In most instances a threshold value (T) of travel time is 
established as a criterion to determine whether or not a village 
can effectively obtain services from a facility. If this threshold 
value is not exceeded, the location and the number of facilities 
established is satisfactory and the transportation network needs 
no improvement. If the threshold value is exceeded, which is the 
case in most low-density, rural road networks, then improve
ments should be made to the network. The goal of the 
improvements should be the reduction of the travel time, or 
relative accessibility, between the least accessible village and the 
central facility of each catchment area. The segments of the 
network on which improvements should be made can be 
identified by ranking the per mile contribution in travel time of 
each link in the path that connects the most inaccessible villages 
with their corresponding service facilities. 

Once improvements have been made to the transportation 
network, the accessibility of the facilities can be reassessed. If 
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certain villages are experiencing travel times higher than their 
threshold value, then more facilities should be established to 
cover the entire region more effectively. 

The basic steps of the lSS shown in Figure 2 can be 
summarized as follows: 

Step I. Compute the connectivity of the network using 
Equations 1, 2, and 3. 
Step 2. Establish a travel speed for each link of the network 
based on the design characteristics of the link. 
Step 3. Find the relative accessibility of each village in regard 
to its corresponding service facility. 
Step 4. Rank the relative accessibility of all villages in 
descending order and identify the villages that have an acces
sibility value, or travel time, greater than the established 
threshold value. 
Step 5. Rank the most inaccessible villages in descending 
order and identify the paths that connect these villages with 
their facility centers. 
Step 6. For each path, identify the links that contribute the 
most to the total travel time of existing paths. Examine the 
effect of improving the travel speeds of these links on the 
accessibility value. Calculate the associated cost. 

CONNEC'l'IVIT 
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Step 7. Simulate an increase in the connectivity of the 
network and examine its effect on the accessibility of the 
disadvantaged villages. Determine the corresponding cost. 
Step 8. Determine the annual cost of building and operating 
an extra public facility. 
Step 9. Compare annual costs and benefits of Steps 6, 7, 
and 8. Realize the strategy with the lowest annual cost. (Steps 
6, 7, and 8 can be performed in any order.) 

A CASE STUDY OF LOW-VOLUME ROADWAY 
NETWORK IMPROVEMENT IN A RURAL AREA OF 
GREECE 

The procedure described in the previous section was applied to 
identify which links in a low-volume roadway networ~ in a rural 
area of Greece required improvement in regard to the location 
of primary health care facilities. The study area is a rural county 
located in the Peloponnesus region of Greece (Figure 3). It 
consists of 59 towns and villages that have a total population of 
46,412. The settlements of the study area can be divided into 
three zones according to their altitude: coastal, semi
mountainous, and mountainous. Almost 75 percent of the 
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FIGURE 2 Logic of the improvement selection scheme (ISS). 



ZOGRAFOS AND CROMLEY 

,- --

- J 

0 <\)"1 
v ~ 0 

, ... -, 
' . 

"t> .a(). 
CJ· • ... <;) • tf' 

rJ' 

-FIGURE 3 Location of the study area. 
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population lives near the coastal zone and has relatively good 
access to the national transportation corridor that follows the 
coastline. The major centers of socioeconomic activity are also 
located near the national transportation corridor. These centers 
are located at Nodes I, 5, II, 15, and 28 (Figure I). 

A Description of the Underlying Transportation Network 

The roadway network of the study area contains links that 
belong to three classes of roads: national, county, and local. The 
main national roadway corridor runs along the coastal zone 
and can be represented by the sequence of links that connects 
Nodes I and 17. County and local roads connect the moun
tainous and semimountainous zones with the main national 
roadway corridor. The north-south connector roads intersect 
the national roadway corridor, which provides the main east
west access through the area. In terms of carrying volumes, the 
local roads and a substantial number of the county roads should 
be considered low-volume roads. 

The Location and Number of Primary Health Care Facilities 

The location and number of required health care facilities was 
based on a travel time threshold value. The threshold value was 
chosen that accounted for the belief that each resident of the 
study area should not have to travel more than 25 min to reach 
the nearest health care facility. Literature on the location of 
health care facilities indicated that travel times between 15 and 
30 min could be considered threshold values for the location of 
emergency medical facilities (9,10). The imposition of the 
threshold value directly affects the number of facilities to be 
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established, as shown in Figure 4. If only one facility is 
established, the maximum travel time would be about 42 min. If 
two centers are established, the maximum travel time would be 
about 33 min. Finally, if three centers are established, the 
maximum travel time would be 31 min. The location and 
corresponding service areas of the facilities were determined 
through the use of a Multiobjective Hierarchical Locational 
Model. More details about the model and the factors that affect 
the determination of locations can be found in a report by 
Zografos (J). For the purpose of this discussion, it was assumed 
that two central facilities currently existed. The locations of the 
two health care facilities and their catchment areas are shown in 
Figure 5. 

Application of the Improvement Selection Scheme 

The application of the ISS starts by computing the connectivity 
of the underlying roadway network (Step I). The connectivity 
indices indicate that the connectivity of a network composed of 
79 nodes and 87 links is very low, as shown: 

Index 

a 
/3 
y 

Value(%) 

4.6 
I.I 

37.7 

The range of typical values for the three connectivity indices a, 
{3, y, for planar networks is as follows (11). 

Range(%) 

O :c::; a :c::; 100 
0.5 :c::; /3 :c::; 3.0 

0 :c::; y :c::; JOO 

The low connectivity of the existing network is also apparent 
from its graphic representation (i.e., the network contains very 
few cycles). 

Each link of the transportation network was stratified 
according to its functional characteristics, terrain type, and 
passability. The roadway segments were classified as national, 
county, or local roads, according to the fµnctional charac
teristics, whereas the terrain types of the roads were classified as 
mountainous, semimountainous, and flat areas. Finally, roads 
were classified according to whether they had good, fair, poor, 
or difficult passability characteristics. A Link Speed Factor 
(LSF) was assigned to each category of road (Step 2). The LSF 
is defined as the inverse of the travel speed expressed in km/ hr 
multiplied by 60 min/ hr (9). Therefore, a LSF of0.60 min/ km 
corresponds to a travel speed of JOO km/ hr. The major 
roadway categories encountered in this study and their as
sociated LSFs are shown in Table I. The travel time for each 
link of the network was computed by multiplying the length of 
each link, d, by the LS Fin order to convert the distance given in 
kilometers into travel time in minutes. The length of each link 
was obtained from a map that showed the distances between the 
villages of the study area. 

The relative accessibility of each village to the corresponding 
facility center (Step 3) was calculated by using Floyd's shortest
path algorithm (12). The inputs required by this algorithm are 
the travel times of the individual links, whereas the outputs are 
the relative accessibility and associated paths from each village 
to its corresponding facility center. The relative accessibility of 



30 Transportation Research Record 1106 

'+ 31 i.-~~~~~~~~~~~~~--.~~~~~~~~~~~~~~-;.~ 

2 3 
~uwber of Centers 

FIGURE 4 Number offacility centers versus maximum travel time. 

each lown to its corresponding facility center (Step 4) is shown 
in Table 2. The locations of the facilities and the allocation of 
villages to them were based on a threshold value of 25 min. 
However, this threshold value could not be achieved when the 
maximum number of facilities to be established was limited to 
two.Under the existing network, the lowest achievable threshold 
value is 33 min for two facilities. 

TABLE i MAJOR ROADWAY CATEGORIES ENCOUNTERED 

The villages located at Nodes 22 and 30 were then identified 
as having the worst accessibility to the facility located at Node I, 
whereas villages located at Nodes 56 and 57 were found to have 
the worst accessibility to the facility located at Node 11 (Step 
5). The relative accessibility values of the most inaccessible 
villages to their corresponding facility centers are shown in 

Low-cost connectivity improvements (Step 7) are not possible 
in this region because it is very difficult to construct links to 
connect the major branches of the network in the east-west 
direction. This difficulty stems from the topography of the area, 
in which major physical barriers are in the north-south 
direction. Because the connectivity of the network cannot be 
improved, it follows that the relative accessibility of the villages 

IN THE STUDY AREA 

Network Level Terrain Type 

National (F), (SM) 
National (M) 
County (F) 
County (SM) 
County (M) 
County (SM) 
County (M) 
Local (F) 
Local (SM) 
Local (M) 
Local (SM) 
Local (M) 
Local (SM),(M) 

LSF Link speed factor 
F Flat 

SM " Semimountainous 
M Mountainous 

Passability LSF (Min/km) 

Good 0.60 
Good 0.75 
Good 0.75 
Good 0.85 
Good 1.00 
Fair 1.50 
Poor 2.00 
Good 0.85 
Good 1.00 
Good 1.50 
Poor 2.00 
Fair 2.00 
Poor to difficult 3.00 
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Fl GU RE 5 Location ofservice and catchment areas of the two health care facilities. 

TABLE 2 RELATIVE ACCESSIBILITY VALUES OF VILLAGES FROM THEIR CORRESPONDING SERVICE FACILITIES 

Nodes Served By Relative Nodes Served By Relative 
Facility Located Accessibility Facility Located Accessibility 
at Node I (Min) at Node I (Min) 

I 0.00 30 25.00 
2 I. I 0 31 13.90 
3 2.30 32 11.30 
4 5.40 33 12.80 
5 9.70 34 13.30 
6 18.50 35 10.00 
7 11.50 36 17.20 
8 13.60 37 25.00 
9 14.00 58 6.70 

18 7.70 59 2.10 
19 11.40 
20 15.90 
21 23.60 
22 29.60 
23 8.20 
24 8.60 
25 21.10 
26 13.90 
27 16.30 
28 3.30 
29 7.10 

can be improved by upgrading the quality of the existing low
volume network (Step 6) or adding more central facilities (Step 
8). 

An examination of the relationship between accessibility and 
the number of centers to be located revealed that the accessibility 

Nodes Served By Relative Nodes Served By Relative 
Facility Located Accessibility Facility Located Accessibility 
at Node 11 (Min) at Node 11 (Min) 

IO 
II 
12 
13 
14 
15 
16 
17 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 

4.30 52 6.30 
0.00 53 9.60 
4.00 54 11.70 
4.80 55 5.50 
6.80 56 25.50 
1.90 57 32.90 
4.30 
4.80 
4.50 
7.50 
3.30 
8.40 

16.30 
4.50 

10.50 
4.50 
6.50 
9.40 

11.70 
16.20 

2.30 
3.20 

improvement was very low even when the number of facilities 
was increased from two to three (Step 8), as shown in Figure 4. 
The alternative to increasing the number of facilities is to 
improve the low-volume roadway network. Therefore, the next 
step (Step 6) is to identify which links of the network should be 
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TABLE 3 NEW ACCESSIBILITY VALUES FOR THE 
VILLAGES MOST INACCESSIBLE TO CORRESPONDING 
CANDIDA TE CENTERS 

Node Number of 
the Most Inaccessible 
Villages 

22 
30 
56 
57 

Nodes of Candidate Facilities* 

21.5 (29.6) 
17.8 (25.0) 

II 

20.5 (25.5) 
24.2 (32.9) 

• Numbers in parentheses indicate old accessibility values in minutes. 
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improved to enhance the accessibility of the network, assuming 
that there are only two facilities. The links that comprise the 
paths that connect the most inaccessible villages with their 
corresponding facilities are shown in Table 4. The paths in 
column 3 are represented by the sequence of nodes that 
correspond to them. Also indicated in the table is the link that 
has the greatest LSF. All links with an LSF greater than 1.5 are 
candidates for improvement; these links are called the weak 
links of the network. The numbers in parentheses in the fifth 
column of Table 4 indicate the improved LSF of the cor
responding weak links. 

The links identified by Nodes 22 and 20, and 20 and 20-A, are 
the weak links in the accessibility of the village located at Node 

TABLE 4 THE LINK SPEED FACTORS AND TRAVEL TIMES OF THE PATHS 
THAT CONNECT INACCESSIBLE VILLAGES AND SERVICE FACILITIES• 

Node Candidate Associated Length of LSF Travel Time 
No. Center Path Link(Km) (Min/km) (Min) 

22 
4.0 3.0( 1.8) 12.0[6.0] 

20 
I. I 1.5(1.0) I. 7[ I.I] 

22 20-A 
3.0 J.50( 1.0) 4.5[3.0] 

19 
4.6 0.80 3.7 

18 
10.3 0.75 7.7 

30 
14.5 J.50( 1.0) 21.7[14.5] 

28 
30 2.9 0.75 2.2 

2 
1.7 0.60 I. I 

I 

56 
5.7 1.50(1.0) 8.60[5.7] 

56-A 
1.7 1.50(1.0) 2.60[1. 7] 

56-B 
2.4 0.90 2.20 

11 56 56-C 
J.5 2.00(1.0) 3.0[1.5] 

53-A 
3.1 0.85 2.60 

52 
4.6 0.85 4.00+ 

50 
3.5 0.70 2.50 

II 

57 
3.7 2.00(1.0) 7.40[3.7] 

56 
5.7 1.50( 1.0) 8.60[5.7] 

56-A 
1.7 1.50( 1.0) 2.60[10.7] 

56-B 
2.4 0.90 2.20 

II 57 56-C 
1.5 2.00(1.0) 3.0[1.5] 

53-A 
3.1 0.85 2.60 

52 
4.6 0.85 4.00+ 

50 
3.5 0.70 2.50 

II 

Numbers in parentheses indicate new link speed factors; Numbers in brackets indicate new travel times. 
+ Rounded to the next integer. 
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22. For the same reason, the link identified by Nodes 30 and 28 
is a weak link in the accessibility of the village located at Node 
30. The weak links that connect villages located at Nodes 57 and 
56 are also indicated in Table 4. 

Improvements to the travel times of these links will also 
considerably improve the accessibility of the most inaccessible 
towns. Column six of Table 4 indicates the travel times of these 
links before and after improvements were made. The new 
accessibility values of the most inaccessible villages are shown 
in parentheses in Table 3. The new accessibility values of the 
villages located at Nodes 22 and 30 are 21.5 min and 17.8 min, 
respectively, whereas the new accessibility of the villages 
located at Nodes 56 and 57 are 20.5 min and 24.2 min, 
respectively. All of the improved accessibility values of the 
formerly inaccessible villages are now below the threshold value 
of 25 min; the area can therefore be covered effectively by 
establishing only two health care facilities instead of three. 

CONCLUSIONS 

An integrated scheme for selecting and ranking improvements 
in a low-volume roadway network has been presented that 
identifies which roadway segments are contributing the most to 
the accessibility of villages in rural areas. Once the weak links in 
the system are identified, a number of improvements can be 
made to the specific links to increase travel speeds. The gains in 
accessibility of formerly inaccessible towns can be evaluated in 
regard to a threshold value that defines the quality of the 
services provided. A case study that illustrated the applicability 
of this method was presented; it showed that the quality of 
health care in a rural area can be considerably improved by 
increasing the travel speeds of crucial links in the low-volume 
roadway network. 

Another finding of the study was that an increase in the 
number of facilities from two to three did not guarantee an 
improvement in the quality of health care. It was found that an 
investment to improve low-volume roadway networks was 
more effective than an investment to build more health care 
facilities. In the course of this study, a number of topics that 
require further research were identified. In particular, issues 
related to the accessibility of the network need to be addressed 
in detail. In this research the accessibility value was defined in 
terms of travel time on the links. This definition assumed that 
an adequate level of transport resources (i.e., private cars, taxis, 
and ambulances) were available to the community at any given 
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time. However, certain communities had few transportation 
resources. In such cases, it is important to consider the 
accessibility in terms of the total door-to-door time, which 
includes not only the actual travel time to the closest health care 
facility but also the time spent waiting for the arrival of a · 
transport vehicle. In this respect, the provision of roads does 
not solely improve the accessibility of the facilities. In a period 
of tightening financial constraints, rural planners need more 
methods of cost-benefit analysis like the one described to ensure 
the greatest return on their investment. 
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Area Service B Classification: 
A Legal Approach to Setting Road 
Maintenance Levels for Infrequently Used 
Low-Volume Roads 
C.R. MERCIER AND L. E. RICHARDSON 

The problem of maintaining low-volume roads is discussed in 
this paper. Specifically, the paper is a summary of the status of a 
new secondary road classification, "minimum maintenance 
road," as it is used in the five states of Washington, Kansas, 
Nebraska, Minnesota, and Iowa. The new classification is used 
for very low-volume roads and provides for a lower level of 
maintenance for these roads than for the balance of the 
secondary road system. The legislation that was passed by each 
state is analyzed and the similarities and differences between 
them are noted. Information is also provided on how the 
concept has worked in each state, especially as it relates to tort 
claims. Iowa's experience is explored in detail, based on the 
results of a survey of all the county engineers in the state. The 
paper concludes that, even though the courts have yet to test the 
concept of the minimum maintenance road classification, it 
should be considered successful. 

When Iowa's road network was created over 100 years ago, the 
size of the average farm was about 90 acres (36 ha). The road 
network basically formed a grid pattern, with roads generally at 
I mi ( 1.6 km) intervals both north-south and east-west. These 
roads effectively subdivided the land into sections of land of 
about 640 acres (259 ha) in size. The pattern was interrupted 
only by natural barriers, such as rivers and lakes. 

The extensive road network was a key to land development 
because 1t provided access from the land, through the farm
stead, to markets for the farm's products. (For the purposes of 
this paper, a farmstead is defined as the farm home and 
accessory buildings normally associated with a farming opera
tion.) At this time, most of the state's population lived on farms 
and the rural road network was also used for social interaction 
and as an access w necessary goods and services. 

Since then, the size of the average farm has increased 
considerably. Improved technology has greatly increased the 
productivity of the individual farmer, which has caused mass 
migration from farms to cities and towns. Average farm size 
increased to 158 acres (64 ha) in 1930, to 267 acres (I 08 ha) in 
1976, and to a current estimated 303 acres ( 122 ha). Iowa's rural 
population was 1,528,000 in 1920, but dropped to 1,318,000 in 
1960 and to 1,097 ,000 in 1980. Farm population dropped from 
662,000 in 1960 to 512,000 in 1970, and from 421,000 in 1980 to 
an estimated 393,000 in 1985. (The recent farm financial crisis in 
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the midwestern states has further accelerated migration from 
farms to urban areas.) 

During the early years of Iowa's road network development, 
each mi ( 1.6 km) of road provided access for three to four farms. 
The consolidation of small farms into larger ones has reduced 
that number to between one and two per mi in terms of access to 
farmsteads. In many instances, farmsteads are concentrated on 
the more heavily travelled roads, which leaves some roads open 
to use only as access to farmland. 

Traffic needs have also changed. Farm mechanization has 
greatly increased the size and weight of the farm machinery that 
occasionally uses the road network (1). Vehicles that carry farm 
products to market are bigger and carry heavier loads. These 
same improvements in technology have changed farmers' travel 
needs, ranging from the regular delivery of goods and services 
to the farm, to the regular use of goods and services by tra veiling 
to nearby communities. These traffic needs require that the 
roads be equipped with an all-weather surface and an improved 
geometric design. 

RESULTING ROAD NETWORK 

County governments have reacted to these needs by expending 
large amounts of available funds on their roads. Most secondary 
roads were graded to the acceptable geometric standards of 
their time and most have received an all-weather surface (2). 

A hierarchical structure has been developed for functional 
classification of the secondary roads; some have been designated 
as trunk or trunk collector roads and the remainder as local 
service roads. As adequate financial resources were made 
avaiiable, many of these trunk and trunk coiiector roads were 
paved to accommodate heavier traffic volumes. 

A number of factors have contributed to the change of road 
use patterns. 

I. Some improvements, especially the addition of pavement 
to principal roads, caused a shift of much traffic to those roads. 

2. Mechanization has caused major changes in the character 
and location of centers of activity, on the land as well as in 
nearby communities. 

3. The migration of people from the farm to urban areas has 
drastically changed the number of people using the roads. 

These changes are likely to continue as the effect of the 
current farm financial crisis causes further enlargement of 
farms. 
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Although road use patterns have changed, the road network 
has changed little. Attempts have been made to close some of 
the lightly travelled roads, but these efforts generally have met 
strong opposition (3). As a result, few miles of roads have been 
removed from the secondary road system. 

Tight budgets have forced county governments to make 
priority decisions on expenditures. One of the options chosen 
by many counties has been to reduce maintenance on lightly 
travelled roads. Little construction or reconstruction money is 
spent on these roads; many have never been surfaced with 
all-weather material and some will rarely have the material 
renewed . The road's surface is being bladed less often and , in 
some instances, snow is never plowed from the road. 

Because these maintenance and operations practices on 
lightly travelled roads have become an unwritten policy, county 
engineers and boards of supervisors have become concerned 
about the possibility of accidents occurring on these roads and 
the threat of tort claims being filed against the county for 
alleged road defects (4) . (In 1965, the Iowa legislature passed the 
Tort Claims Act. It waived governmental immunity for negligent 
acts on the part of any public body.) 

This concern appears valid, because recent judgments in tort 
liability cases have often resulted in large awards, and public 
agencies have been particularly hard-hit. The local jurisdictions 
responsible for secondary road maintenance are especially 
vulnerable to tort claims, because maintenance of many of these 
lightly travelled roads has failed to meet the standards of 
"generally accepted practice." 

WHAT IS THE SOLUTION? 

Several states have moved toward one solution to the problem 
by classifying some of the lightly used roads separately. Though 
the term used to describe these roads will vary from state to 
state, they can best be described as a portion of the group of 
secondary roads generally referred to as "local roads" or "area 
service roads" that will receive significantly less maintenance 
than that required by applicable statutes. (Nebraska uses the 
term "minimum maintenance roads" and Washington describes 
them as "primitive" roads.) 

In general, state legislation is enacted that provides for the 
reclassification of roads into this new category, describes (at 
least briefly) the intent to lower levels of maintenance, and 
supplies the means to develop and promulgate standards for the 
level of maintenance. The legislation also provides for the 
posting of appropriate warning signs on these roads. 

Each state approaches the problem differently. A brief 
description of the policies and experiences of five states follows. 

Washington 

Washington is the first state known to have provided a separate 
road classification for minimum maintenance secondary roads. 
Its legislation, passed in 1980, described these roads as primitive 
roads. In general, primitive roads are not classified as part of the 
counties' primary road system; have either a gravel or earth 
driving surface; and carry 100 or less vehicles per day (based on 
average annual daily traffic). 

The legislation provides for placement of road signs at all 
places where the primitive road portion begins or connects with 
a highway other than another primitive road. The signs are to be 
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marked to indicate that "it is a primitive road, as provided in the 
manual of uniform traffic control devices." 

No specific criteria were suggested for these roads in the 
legislation. Instead, the legislation included the statement that 
"no design or signing (other than warning sign requirement) or 
maintenance standards or requirement apply to primitive 
roads ." Counties set their own policies regarding maintenance 
criteria. 

There are about 4 I ,000 miles (66 000 km) of roads in the 
county systems within Washington, including approximately 
I 2,000 miles ( 19 000 km) of roads that are classified as arterial. 
As many as 4,000 miles (6 400 km) of these roads have been 
classified as primitive roads. (A statewide inventory of these 
roads is scheduled for 1987.) Although the counties are not 
required to use the primitive road designation, 20 of the 39 
counties do . 

Tort liability experience to date is good, although there is a 
lawsuit pending as a result of an accident that occurred on a 
primitive road. It will be the first court test of the legislation. 

Nebraska 

In 1983, the Nebraska legislature revised earlier statutes to 
include provisions for a new functional classification: "minimum 
maintenance" roads. The Act described the new road classifica
tion as consisting of: 

"(a) roads used occasionally by a limited number of 
people as alternate access roads for areas served primarily 
by local, collector, or arterial roads, or (b) roads which 
are the principal access roads to agricultural lands for 
farm machinery and which are not primarily used by 
passenger or commercial vehicles." 

The legislature carefully phrased the revised statute so as not 
to change the incidence for liability in the event of the filing of a 
tort claim for "personal injury or loss oflife, or damage to his or 
her property" due to insufficiency or want of repair. The 
legislation also provided for the following: 

I. Development of specific criteria for the new road clas
sification by the Board of Public Roads Classification and 
Standards. Standard Board procedures include provisions for 
public hearings and formal publication of the criteria. 

2. Installation and maintenance of appropriate signs at 
entry points to adequately warn the public of a lower level of 
maintenance than that of other public roads. 

These criteria have been developed and published in a 
procedures manual for county use. In addition, a sign has been 
designed especially for the minimum maintenance roads and is 
described in the same procedures manual. 

The revised statute also provided the following guidelines to 
the Board regarding the standards to be developed: 

I. The level of maintenance shall be adequate to serve farm 
machinery and occasional or intermittent use by passenger or 
commercial vehicles. 

2. Structures (bridges and culverts) on the road may be 
removed by the county (to protect public safety) and need not 
be replaced unless the county chooses to do so. 
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Counties are not required to use the classification, but by 
mid-1986, 30 of the state's 93 counties had chosen to use it. 
About 2,100 mi (3 380 km) of the state's 78,600 mi (126 494 
km) have been classified as minimum maintenance roads, which 
is slightly more than 2.5 percent of the total. However, that 
figure represents nearly IO percent of the miles of the system of 
those counties using the classification. 

Tort liability experience has been favorable thus far. There 
have been no suits filed and none are pending that relate 
specifically to a minimum maintenance road . 

Kansas 

Kansas passed legislation that permitted the designation of 
minimum maintenance roads in 1981. This provided the basis 
for "declaration of min.imum maintenance roads" and estab
lished procedures for adopting the resolution, providing for 
official notice, and holding public hearings. 

The Act grants the power to the board of county commis
sioners of each county to make the declaration. The following 
two conditions must be met to declare a given road a minimum 
maintenance road: 

I. If, in the opinion of the board, the road (in the county or 
on the county line) is used only occasionally or is used only by a 
few individuals, then the board may commence proceedings, 
provided 

2. The road has not been constructed with federal aid. 

The Act also provides for official notice to the board of 
commissioners of an adjoining county if the road is on or partly 
on a county line. However, it does not prohibit a unilateral 
adoption of the declaration for the portion of the road under 
consideration that falls within the given county's jurisdiction. 

The /\ct does not provide for any standards of maintenance, 
but most of the counties have adopted their own. Posting of 
signs stating "Minimum maintenance, travel at your own risk" 
is required. The signs are to display black letters on a yellow 
background, and the letters must be at least 2 in high. The State 
Department of Transportation (Bureau of Rural and Urban 
Development) of Kansas has designed a sign (30 in X 30 in, or 76 
cm X 76 cm) that can be used by the counti.es. 

It has been estimated that between 15 and 20 percent of the 
counties have adopted a minimum maintenance resolution, but 
no accurate figures are currently available. However, the 
counties' tort liability experience so far is favorable; no known 
cases are pending or have been fiied. 

Iowa 

Iowa's legislation, which provides the legal basis for a lesser 
level of maintenance, is fairly brief. Also passed in 1981, it 
created two different classes of roads from existing area service 
roads called "area service A classification" and "area service B 
classification." Roads classified as area service A are to be 
maintained as before, in accordance with applicable statutes. 
Roads designated as area service B may have a lesser level of 
maintenance, which is to be specified by the county board of 
supervisors. 

Like all other legislation encountered, the Iowa law calls for 
the use of appropriate signs to warn drivers of the lower level of 
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maintenance. The signs, made of reflective material with black 
print on a yellow background, are to be posted al aii access 
points to these roads from other public roads. Samples of the 
sign designed by the Iowa Department of Transportation are 
shown in Figure I . 

LEVEL B SERVICE 
ENTER AT YOUR 

OWN RISK 

FIGURE I Iowa standard signs for 
service B classification. 

Counties are not required to use the new road clas.sificat1on, 
but they are encouraged to do so. A sample resolution was 
prepared in 1981 by the Iowa OOT and a committee of county 
engineers and supervisors, and has been made available to the 
counties. Most of the counties that adopted the area service B 
classification have used the sample resolution. Some have not 
used it in its entirety but have adopted it as a guideline that 
varies slightly in content. 

The most important part of the sample resolution was the 
description of what constituted "minimum maintenance." The 
sample resolution suggested that the following elements be 
included: 

• Blading. Blading or dragging will not be performed on a 
regular basis. 

• Snow Removal. Snow will not be removed. 
• Signing. Except for posting load limits on bridges, signing 

will not be continued or provided. (This does not include the 
required warning signs for service B classification.) 

• Weeds and Brush. Mowing or spraying weeds and brush 
cutting will not be performed. 

• Structures. Bridges and culverts may not be maintained 
to carry legal loads. Upon failure or loss of bridges and culverts, 
the replacement structure will be appropriate for the traffic 
thereon. 

It should be noted that Iowa has conducted some research 
into low-water crossings. Some low-water crossings have 
already been installed where deemed appropriate to replace 
existing bridges. More are expected to be used. 

Counties began to adopt the road classification slowly. After 
the first full year, no counties adopted it, although four were· 
actively considering it for some of their roads. Three years later, 
only 20 counties had adopted the service B classification. 
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However, in the next 2 years, there was a rapid increase in the 
number of counties adopting the classification. By mid-1986, 44 
counties classified roads as service B and another 36 were 
seriously considering it. Nineteen of these 36 expected to have 
adopted service B classification by the end of the 1986 calendar 
year. (There are 99 counties in Iowa.) 

Most of the counties that adopted the service B classification 
used the sample resolution in its suggested form. However, 
some counties have used the form with minor differences, 
mostly in the description of minimum maintenance. Some of 
these variations are as follows: 

• The allowance for the possibility of some snow removal; 
• The statement that "no surfacing materials" will be 

applied to these roads; 
• Comments to the effect that there will be no attempt to 

maintain the road's cross-section (crown, ditch, shoulders, or 
uniform width); and 

• No regular inspections will be performed. 

A survey of all county engineers regarding the use of the 
service B classification was completed in early 1986. Part of the 
questionnaire addressed the issue of the county's position on the 
use of service B classification. These results, reported earlier, 
indicate that over 80 percent of Iowa's counties already use 
service B or will be likely to use it by the end of 1987. 

The following table is a summary of data that relate to the use 
of the service B classification in Iowa: 

Number of counties that adopted 
the classification up to 7 / l / 86 

Total miles of roads in those counties 
Total miles of service B roads 
Miles of unsurfaced roads (service B classification) 
Roads yet to be classified service B (estimated) 

44 
39,787 

2,666 
2,230 

8.64-897 

A number of reservations about service B classification were 
listed by the remaining 19 counties and are summarized as 
follows: 

• Some boards of supervisors believe that it is not a good 
idea, politically. 

• A few counties believed that the required signing is too 
elaborate and expensive. 

• Several believed that it was of little value to them because 
they have few roads that they would classify as service B. 

• A few counties either believe that the law does not provide 
any protection from tort liability or they are waiting to see the 
law tested in court. 

Although one county has not adopted the service B classifica
tion, it has officially adopted the suggested set of standards for 
maintenance of the unsurfaced (dirt) roads in that county in the 
form of"lnstructional Memoranda." No signing is indicated by 
the document. 

Counties that have used the service B classification have, for 
the most part, been happy with its use so far, although some are 
still expressing doubt as to its effect on lessening tort claims. 
County engineers have received few complaints, although some 
citizens had expressed some concern that the new classification 
could lead to road closure or to lack of access, inconvenience, or 
increased private costs. Some engineers stated that the clas
sification has been well received. However, a few county 
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engineers believed that complaints would increase when land
owners discover that granular surfaces will not be renewed on 
the service B roads. 

For the most part, public hearings were not controversial, 
especially after the engineers pointed out that reclassification 
would not mean any significant changes in the way the roads 
would be maintained; most roads received little attention 
anyway. Some complaints were registered from rural mail 
carriers and school bus operators because they are instructed 
not to use service Broads on their routes, even in good weather. 
They complained of the apprehension evoked by the "ENTER 
AT YOUR OWN RISK" statement on the sign. As a result of 
these complaints, some roads have been changed back to the 
service A classification. 

There have also been some differences in the way the law has 
been interpreted. Some engineers (and county boards of 
supervisors) believe that the classification applies primarily to 
unsurfaced roads, whereas others believe that it should apply to 
any infrequently used road. 

Tort liability claim experience to date has been excellent. No 
claims have been filed and no tort liability actions are pending 
relating to the reclassification of any roads to service B or the 
standards of maintenance applied to the classification. One 
interesting related case has been adjudicated that involved a 
county that did not, at that time, use the service B classification. 
The judge said that the county "ought to have a service B 
classification and the road posted." Within a short time, the 
county had passed the appropriate resolution and posted the 
road. 

The other subject addressed in the survey was the matter of 
cost savings. At the outset, counties adopting, the service B 
classification did not expect any significant savings in mainte
nance costs. Those counties mostly formalized what had 
already been a practice of providing little maintenance on those 
roads. However, significant cost savings will occur when 
smaller bridges require replacement. Many will be replaced 
with low-water crossings, which will satisfy the anticipated use 
of the road. There should also be savings from the reduction in 
tort claims that might have been filed, assuming that any future 
court tests .prove to be favorable. 

Minnesota 

Minnesota is the most recent state (1985) to pass minimum 
maintenance legislation. Minnesota's version granted a road 
authority (other than the state commissioner) the right to 
designate by resolution a road under its jurisdicti~n a minimum 
maintenance road . (The road authority could be either a county 
or township.) All that is required is to determine that the road 
segment is used only occasionally or intermittently for passenger 
and commercial travel. However, the designated road must not 
be a trunk highway and its reclassification must not result in a 
loss of federal aid. 

Designation of minimum maintenance in Minnesota becomes 
effective when the proper signs are erected. The signs must 
conform to the commissioner's manual of uniform control 
devices and are to be posted at entry points to and at regular 
intervals along the minimum maintenance road. The design for 
the sign to be used on the reclassified roads in Minnesota is 
shown in Figure 2. 

No specific maintenan.ce standards are stated except that the 
minimum maintenance road may be maintained at: 
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MINIMUM 
MAINTENANCE 

ROAD 
II TRAVEL AT YOUR OWN RISK 
~.~~~~~) 
FIGURE 2 Minnesota standard sign for 
minimum maintenance road. 

"a level less than the minimum maintenance standards 
required for state-aid highways, roads and streets, but 
must be maintained at a level required to serve the 
occasional or intermittent traffic." 

Unless changes are made to the legislation, local county and 
township jurisdictions will be expected to develop their own 
standards. 

Local jurisdictions have been slow to adopt minimum 
maintenance resolutions, although several counties express 
interest. It is likely that, in Minnesota, like in Iowa, interest will 
develop slowly. However, favorable tort claim experience 
should cause interest to increase. 

SUMMARY AND CONCLUSION 

Most managers of secondary road systems are facing the same 
problem: costs of maintaining a relatively fixed sized network 
of roads are escalating and are further constrained by a slow 
growth rate of revenues. Managers in the five states of 
Washington; Kansas, Iowa, Nebraska, and Minnesota sought 
to minimize that problem by reducing the maintenance efforts 
on some of their lightly travelled roads. [This is not to suggest 
that secondary road managers in other states have not reduced 
road maintenance, only that it is now possible in these five states 
to make the arrangement part of public policy (5).] Later, 
concern for the possibility of serious accidents and the threat of 
tort claims caused the lcgislatuics of these fh,.c states to create a 
new road classification and make reduced maintenance on these 
roads a standard practice. 

The State of Washington pioneered these efforts by enacting 
legislation iri 1980 that created the new primitive roads 
classification. Although the idea was new and had not yet been 
tested in the courts, legislatures in Iowa, Kansas, and Nebraska 
passed similar legislation over the next 3 years. Minnesota is a 
relative newcomer; it enacted similar legislation in 1985. 

A comparison of the legislation passed by each state reveals 
some differences, although the laws ate similar. The following 
table is a summary of-some key differences between each state's 
legislation. 

Elemenls Compared WA IA KS NE MN 

Special signs required? Yes Yes Yes Yes Yes 
Counties required to 

use signs? No No No No , No 
Statewide maintenance 

standards? No Yes No Yes No 
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None of the five states requires local jurisdictions to use the 
classification. However, all five states require that any roads 
classified as such must be posted with appropriate warning or 
advisory signs. Other comparisons are difficult to make. 
Although all five states use roughly the same description for the 
new road classification, both the length and amount of detail in 
the laws vary somewhat. Only one of the five states has set 
stflndMds by legislation; the rest rely on local jurisdictions to set 
their own. 

All the legislation must be considered successful, if success is 
determined by a reduction in tort claims. No tort liability claims 
have reached the courts in any of the states. The reasons for the 
lack of tort claims are unclear, although adequate notice of 
lowered road maintenance may in itself discourage tort claims 
from being filed. It is also possible that the posting of signs 
discourages use of these roads for other than land access, which 
may in turn reduce the number and severity of accidents. 
However, much more complete research is required to prove 
this. 

An additional note must be made regarding the signs. The 
signs used among the five states are dissimilar; some do not 
conform to the standards for warning signs provided in the 
Manual for Uniform Traffic Control Devices. If more wide
spread interest in this concept develops, a new standard should 
be adopted. 

One major concern of most local road system managers is 
public reaction and acceptance. County engineers who use the 
service B classification in Iowa report generally favorable 
citizen reaction, with a few complaints, once the resolution was 
passed and signs were in place. It is possible that, as the practice 
becomes more widespread, road users will view the designation 
as a regular part of the road network and acceptance will 
increase. 

Those local jurisdictions that are waiting for the concept to be 
tested in the courts before they enact similar legislation may 
have to wait a while. One cannot be totally sure of the status of 
such laws without the benefit of court judgments, and these do 
not seem to be forthcoming, at least not soon. Perhaps this 
should be considered good news. 

It does appear that, at least in these five states, as much as l 0 
percent of the miles of secondary roads could eventually be 
reclassified as minimum maintenance roads. Savings in main
tenance costs are not likely to be substantial, because most of 
the reclassified roads had probably not received much attention 
in recent years anyway. However, significant savings are 
possible if bridges on these roads are either not replaced or 
replaced with less expensive structures. such as low-water 
crossings. 

It does appear that, in each of the five states studied, the 
legislation is working as expected. 

REFERENCES 

J. C. P. Baumel and E. Schornhorst. Local Roads and Bridges: 

2. 

3. 

Current and Future Problems and Alternatives. In Transporta
tion Research Record 898, TRB, National Research Council, 
Washington, D.C., 1983, pp. 374-378. 
M. B. Larson. Iowa County Maintenance Practices: A 20-Year 
Update. In Transportation Research Record 898, TRB, National 
Research Council, Washington, D.C., 1983, pp. 322-325. 
C. R. Mercier. Low-Volume Roads: Closure and Alternative 
Uses. In Transpor/ation Research Record 898, TRB, National 
Research Council, Washington, D.C., 1983, pp. 110-115. 



Transportation Research Record 1106 

4. R. L. Carstens and J. V. Dickinson. Safer Construction and 
Maintenance Practices to Minimize Tort Liability by Counties 
from Accidents. Iowa Highway Research Board. Report HR-204. 
1979. 

39 

5. E. F. Dobson and L. J. Postill. Classification of Unpaved Roads in 
Ontario. In Transportation Research Record 898, TRB, National 
Research Council, Washington, D.C., 1983, pp. 36-47. 

The Practical Application 
Highway Costing Programs 

of Computer 

0. C. CARLSON 

Highway departments sometimes use computer highway costing 
programs that are designed to help managers evaluate mainte
nance programs, establish priorities, and select construction 
programs. The highway costing program discussed in this paper 
was written for an IBM mainframe computer; supplementary 
programs were written for an IBM-PC. The highway costing 
program consists of four modules: highway maintenance 
costing, equipment costing, inventory, and construction activ
ities. The use of the modules and their relation to one another 
are discussed to show how the development of a historical data 
base can help forecast trends in road and equipment main
tenance; break down labor, equipment, and material costs; keep 
inventory; and generally help managers and workers make 
informed decisions and minimize administrative time. The 
highway costing program met the goals and objectives it was 
designed to meet. Although it did not significantly decrease the 
workload, it increased the level of responsiveness to problems. 
The availability of data also increased productivity and ef
ficiency. 

PROGRAM PURPOSE AND HARDWARE USED 

The computer highway costing programs described in this 
paper are designed to meet the management nee,d.s of highway 
departments in evaluating maintenance programs, establishing 
priorities, and selecting construction programs. The primary 
highway costing program was written for an I BM System 34 or 
36 mainframe computer. Supplementary programs were written 
using a dBase·program on an IBM-PC. 

PLANNING AND DEVELOPMENT 

The initial program was developed to assist management in 
extracting critical and meaningful data from large data bases. 

Benton County Engineer, Foley, Minnesota 56329. 

The program had to be flexible enough to meet the needs of 
both small highway departments, with four or five managers, 
and larger highway departments. It also had to accommodate 
and interface with a variety of diverse accounting systems and it 
had to be compatible with state requirements of mandated 
reporting items. 

It was also important that the information be reported at 
several levels of detail to meet the needs of several levels of 
management. 

IMPLEMENTATION 

The system includes 10 major reporting categories, or programs, 
and about 50 sub-categories, or activities, that are reported on 
daily time cards by field personnel. A short training session is 
needed to acquaint field personnel with forms and the im
portance of accurate reporting. Office personnel should also 
receive orientation on the system to ensure that they record and 
input information into the system accurately. 

It may also be advantageous to spend some time orienting the 
difft;rent levels of managers on how to effectively use the reports 
that are available. 

HIGHWAY COSTING SYSTEM DETAILS 

The highway costing system is composed of the following four 
modules: 

1. Highway maintenance costing, 
2. Equipment costing, 
3. Inventory, and 
4. Construction activities. 

HIGHWAY MAINTENANCE COSTING MODULE 

The highway maintenance costing module is probably the most 
beneficial because it has the most data and is the most difficult 
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to analyze. Transactions in this module come in the five basic 
forms of labor, equipment, materials, purchases, and adjust
ments, as follows: 

1. Labor data are collected from daily time cards. 
2. Equipment usage data are also collected from daily time 

cards. 
3. Material usage data is collected from an inventory 

withdrawal ticket. 
4. The majority of purchases are entered into the system by 

vendor and paid by a Commissioner's Warrant from the 
highway accounting section. 

5. Adjustments are recorded by highway office staff and 
must include a detailed explanation of the adjustment to satisfy 
the needs of an audit trail. These explanations could include 
labor errors, purchases that are not Commissioner's Warrants, 
and so forth. 

Data collection is the most time-consuming task, but if all 
persons record their daily time sheets correctly, the system will 
process the data and provide the necessary reports, which 
minimizes the time that management must spend on analysis. 
Time card reporting includes five sub-categories of such 
activities as patching, crack sealing, blading gravel roads, 
mowing grass, plowing and winging snow, sanding roads, 
replacing culverts, and painting bridges . 

About 35 different reports are available. The most detailed 
reports show a breakdown of labor, equipment, and material 
costs, as well as total costs on each road. This report is referred 

TABLE I COST ACCOUNT LEDGER 
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to as the Cost Account Ledger, and lists all costs by activity on 
each road each month. This buiky report is composed of about 
60 pages each month; it is hot frequently used, but is necessary 
to isolate costs. Table 1 is an example of this report, in which 
daily costs are listed for each road. 

The second level of reporting is the Trial Balance Report, 
which summarizes the costs by activity each month and is about 
20 pages long. Activities include maintenance activities, equip
ment costs, inventory usage, engineering costs, administrative 
costs, and the current balances in the various revenue accounts 
that contain the funds to finance operations. Table 2 is an 
example of the Trial Balance Report. 

The third level of reporting is by road number. It reports 
maintenance costs by program such as routine maintenance, 
repairs and replacements, betterments, and special work. The 
report is three pages long on the system and is used by 
management to identify major areas of expenditures. Informa
tion is no longer detailed by labor, equipment, or materials, but 
is reported as a total cost. An example of this report is provided 
in Table 3. 

The fourth level of reporting is by the major groups 
mentioned in the third level of reporting. The report is one page 
long and, in addition to the program, it shows the part of the 
highway system in which costs are incurred, which includes 
rural state aid routes, rural county financed routes, and urban 
routes. Table 4 is an example of this report. 

These reports provide information that isolates which roads 
are costing the most to maintain and also locates which 
category of maintenance is highest. It is therefore possible to 

Description Road Labor Equipment Materials Other Total 
Cost Account (Activity) Number Costs Costs Costs Costs Costs 

l l-0201 Crack Filling 33 
l l-0201 Crack Filling 4 
11-0201 Crack Filling 9 

TABLE 2 TRIAL BALANCE REPORT 

Description 
Cost Accou11t (Activity) 

Labor 
Costs 

Equipment 
Costs 

Materials 
Costs 

Other 
Costs 

Total 
Costs 

I 1-0201 Crack Filling 

TABLE 3 SUMMARY OF MAINTENANCE COSTS BY ROAD 

Road 
Number 

Routine 
Maintenance 

Repairs and 
Replacements Betterments 

TABLE 4 SUMMARY OF COSTS BY PROGRAM 

Account 
Number 

11-0000 

11-500 

Description 

(Program) 
Routine Maintenance 
(Activity) 
Snow Removal 

State Aid Cost per 
Routes Mile 

Special 
Work 

County 
Routes 

Special 
Agreements 

Cost per 
Mile 

Total 
Cost 

Municipal 
Routes 

Cost per 
Mile 

Cost per 
Mile 
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determine which roads need the most attention. An analysis of 
the type of maintenance costs can assist in determining what 
corrective action should be taken to reduce maintenance costs. 

EQUIPMENT NEEDS MODULE 

The highway costing program is also used to analyze equipment 
replacement needs in much the same way it analyzes road 
maintenan·ce needs. The repairs on a piece of equipment tend to 
rise gradually; maintenance costs eventually reach a point 
where it is more economical to replace a truck or motorgrader 
than to try to maintain it. As time goes on, a history of costs that 
indicate a pattern or trend can help predict when certain pieces 
of equipment should be replaced. This information is used to 
supplement recommendations on projected or probable up
coming maintenance costs from experienced shop personnel. 
The phrase "pay me now or pay me later" is appropriate when 
applied to equipment maintenance because if equipment is not 
replaced, the money will be pent in repairs. 

It is necessary to evaluate each piece of equipment in terms of 
its cost to the county on a short- and long-range basis. Other 
variables must be considered when evaluating equipment; for 
instance, if an engine or transmission has been rebuilt or 
replaced, the cost of the overhaul must be amortized over the 
extended life of the piece of equipment. It is easier to keep 
informed on equipment condition and take quick corrective 
action with the data available through the costing system. 

INVENTORY MODULE 

The third module of the highway costing program is inventory. 
The shop supervisor and an office clerk have the resp.onsibility 
to keep this module up to date and to take the annual inventory. 

ROAD CONSTRUCTION PROJECT COSTS MODULE 

The fourth module, road construction, tracks costs to a 
contract, project, funding source, and specification item and 
prints out partial and final payment vouchers as work is 
completed. It has been a useful tool in improving the efficiency 
of office and management personnel. 

SUPPLEMENTARY PROGRAMS ON AN IBM-PC 

In addition to the highway costing program a computerized 
sufficiency rating program was developed to establish a 5-year 
construction program. The highway costing program is used to 
supplement or complement the sufficiency program. If a road 
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has geometric and structural deficiencies, it"will probably show 
up high on a reconstruction priority list. A review of maintenance 
costs on a segment of road will verify or substantiate the need to 
reconstruct the roadway. 

An example of how the system can be used is to review the 
summary road maintenance report by road for the previous 
year. It is noted that five roads have excessive charges against 
them. The summary report shows that the majority of those 
costs are betterment costs, and one road had high repair and 
replacement costs. A review of the next lower report level shows 
that the betterment consisted primarily of a bituminous treat
ment, in other words, a paver laid patches. 

Indications are that this road is showing signs of structural 
failure and a decision must be made on how to correct the 
deficiency. Some alternative corrective measures to consider 
include continued maintenance betterments, a reconstruction 
project, or a complete bituminous overlay. As new data become 
available in the current year, the analysis is updated and 
corrective action is modified as necessary. The field data input 
into the computerized priority rating system is then reassessed 
and adjustments are made as necessary. The priority rating 
system is the primary source for determining priorities and the 
highway costing system supplements that system. The priority 
factors are not generally updated every year, whereas the 
highway costing system is usually current to within 1 month . 

A key to minimize management's time is to have a variety of 
reports at several levels of detail available and also to have the 
option to review the reports by road or activity. 

SUMMARY 

It is important to note that the highway costing system 
interfaces with the financial accounting system. In fact, the 
system will interface with any accrual-based, budgetary finan
cial system. The interface is automated to avoid the duplication 
of data entry. 

It should also be noted that the computer highway costing 
system did not significantly decrease the workload, but it did 
increase the level of service in terms of responsiveness. The 
availability of data increased productivity and efficiency. 

The system's management reports give thorough, accurate, 
and current information that is useful when communicating 
with elected officials and justifying budget changes. The costing 
system and other computerized programs have provided ade
quate and timely data that have increased the responsiveness to 
sudden changes in equipment needs and changes in road 
maintenance needs with a minimum of personnel. 

The variety of reports available, both in type and amount of 
detail, fits the needs of management because less time is 
required for data collection and analysis. The highway costing 
program met its goals and objectives. 
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Equipment Rental Road Construction 
B. L. STYER, J. K. BOWMAN, R. B. LIDELL, D. N. MOCKLER, S. I. PETERSON, 

ANDA. G. SCHOCH 

In traditional public works contracts, a contractor is paid by 
measured road construction quantities and is supplied with 
detailed plans and specifications. However, equipment and 
operator rental, in which the contractor is paid by the hour and 
his construction is directed, could be a cost-effective alternative 
to current methods of contracting road construction. In 1984, 
certain roads in the Chequamegon National Forest were chosen 
to be constructed by means of equipment rental contracts. In 
order to compare cost efficiency, projects with comparable 
design criteria and in similar terrain were constructed by means 
of traditional public works contracts. Road construction was 
completed in 1985 and the costs are analyzed in this paper. 
Equipment rental was found to be more cost-effective than the 
public works contracts in certain situations. 

In October of 1984, a study was begun on the Chequamegon 
and Allegheny National Forests to determine whether equip
ment and operator rental was more cost-effective than conven
tional public works contracts. Representatives of the 
Monongahela National Forest also participated informally. 

The concept of equipment and operator rental was developed 
in an effort to eliminate both the over-engineering and unneces
sarily high design standards of roads built in these national 
forests. This over-design resulted partly from the perception of 
roads on paper. It is simply human nature to design smooth, 
straight roads when the vehicles could in fact handle sharper 
curves, steeper grades, and generally rougher roads. Traditional 
road surveying and design procedures and standards also 
contributed to the over-design problem. 

The concept of equipment rental is to pay the contractor by 
the hour instead of by measured road construction quantities. 
The amount of preliminary design is reduced because the road is 
essentially designed as it is constructed by having an inspector 
on site direct the contractor's operations. This method 
minimizes the costs of survey, design, preparation of drawings 
and specifications, and the administration of the contract. 

The opportunity to direct operations also gives the designer, 
or inspector, a better idea of what is needed. Solutions i.u 
problems can be better determined as construction is observed 
as opposed to trying to predict problem areas beforehand and 
providing for worst-average conditions, which can lead to 
over-design. 

Jn this study, projects constructed by means of equipment 
and operator rental were to be compared to traditional public 
works projects with comparable design criteria and terrain. The 
projects constructed in the Chequamegon National Forest are 
specifically discussed in this paper. 

Chequamegon National Forest, 1170 4th Ave. South, Park Falls, Wis. 
54552. 

PRECONSTRUCTION 

When preparing for any construction project in the 
Chequamegon National Forest, one of the first steps is for the 
land manager and engineer to complete design criteria forms in 
which the following nine criteria are addressed: 

I. Resource management objectives, 
2. Environmental constraints, 
3. Safety, 
4. Physical environmental factors, 
5. Traffic requirements, 
6. Traffic service levels, 
7. Vehicle characteristics, 
8. Road users, and 
9. Economics. 

These design criteria sheets are completed to ensure that all 
resource objectives are met in the design of the roads. The traffic 
service level and road standard are also determined at this time. 
Low-standard, low-volume roads, which are classified as 
Service Level C or D, are good candidates for equipment rental 
construction. Traffic service levels are explained in Table I. 

The other criterion that should be used to determine candi
dates for equipment rental construction is the difficulty of 
construction. If, for example, the road is in an area of steep 
terrain in which precise grade and slope stakes should be set, 
then a more complete design and survey should be performed. If 
the project will involve a great deal of earthwork, the develop
ment of a design with balance points would probably be more 
economical than designing the road as it is constructed. Areas in 
which survey and design could be kept to a minimum are good 
candidates for equipment rental construction. 

Once it is decided to proceed with equipment rental construc
tion, only a minimum amount of survey and design is needed, 
which is one way costs are reduced on equipment rental 
projects. Surveys traditionally include traverse, profiles, and 
cross sections. Designs usually include calculated earthwork 
quamilies and fuii pian and profile drawings to ensure that the 
contractor will construct the standard of road needed. On the 
equipment rental project , however, the extent ol the survey 
include nagging center line and clearing limits; in areas of large 
cuts or fills clinometer and hand level reading can be recorded 
for rough estimates of earthwork quantities. Equipment hours 
can then be approximated from the rough estimates of quantities 
to provide a construction guide for the inspector who will direct 
the project. 

Plans are kept simple and concise. They usually include 
project approvals, location maps, standard drawings of typical 
sections, and a brief summary sheet taken from the reconnais
sance notes that approximates the locations of culverts and 
fabric mats, among other things. The inspector also uses the 
completed design criteria form as a guide to ensure that all nine 
criteria are met during construction. 
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TABLE 1 TRAFFIC SERVICE LEVELS 

Flow 

Volumes 

Service Level C 

Interrupted by limited passing 
facilities, or slowed by the road 
condition. 

Erratic; frequently controlled as 
the capacity is reached. 

Service Level D 

Flow is slow or may be blocked by 
an activity. Two-way traffic is 
difficult and may require backing 
to pass. 

Intermittent and usually controlled. 
Volume is limited to that associated 
with the single purpose. 

Vehicle Types 
Controlled mix, accommodates all 
vehicle types including the critical 
vehicle. Some use may be controlled 
to minimize conflicts between 
vehicle types. 

Single use; not designed for mixed 
traffic. Some vehicles may not be 
able to negotiate. Concurrent use 
between commercial and other traffic 
is restricted. 

Critical 
Vehicle 

Safety 

Traffic 
Management 

Special provisions may be needed. 
Some vehicles will have difficulty 
negotiating some segments. 

Most protection is provided by 
traffic management. 

Traffic controls are frequently 
needed during periods of high use 
by the dominant resource activity. 

Some vehicles may not be able to 
negotiate. Loads may have to be 
off-loaded and walked in. 

The need for protection is minimized 
by low speeds and strict traffic 
controls. 

Used to discourage or prohibit 
traffic other than that associated 
with the single purpose. 

User Costs 
Not important; efficiency of travel 
may be traded for lower construction 
costs. 

Not considered. 

Alignment 
Generally dictated by topographic 
features and environmental factors. 
Design speeds are generally low. 

Dictated by topography, 
environmental factors, and the 
design and critical vehicle 
limitations. Speed is not important. 

Road Surface 

May not be stable under all traffic 
or weather conditions during the 
normal use season. Surface rutting, 
roughness, and dust may be present, 
but controlled for environmental or 
investment protection. 

Rough and irregular. Travel with 
low clearance vehicles is difficult. 
Stable during dry conditions. 
Rutting and dusting controlled only 
for soil and water protection. 

Source: Forest Service Manual 7709,56, section 4. 1, page 5. 

Equipment and operators for the first equipment rental 
projects in 1985 were selected by Forest Service personnel 
because they were knowledgeable of the contractor's equipment 
and the specific project needs. The payment was set up as a 
purchase order and an agreement discussing liability was 
signed. 

Beginning in 1986, equipment rental contracts were awarded 
to the lowest bidder if the contractor's equipment met the 
specifications outlined by the Forest Service. The contract al o 
included specifications on liability, equipment repair, mainte~ 
nance, and person,nel qualifications. 

A breakdown of costs for the 1985 equipment rental projects 
compared to public works projects is shown in Tables 2 and 3 
and in Figures 1 and 2. 

COST ANALYSIS 

In order to evaluate construction cost savings, it was essential to 
compare the costs of similar standard roads. Forest Road 
# l 32T, which was constructed by rented equipment, and Forest 

Road# l 32E, which was constructed by means of a public works 
contract, are excellent roads to compare, as shown in Table 2 
and Figure 1. In this comparison, equipment rental offered a 
30 percent savings over the public works contract. Both roads 
were newly constructed through relatively flat, wet terrain. 
Both jobs required the installation of culverts, surfacing, and a 
minimum amount of earthwork. When comparing road construc
tion costs, quantities were estimated for the equipment rental 
project and compared to the unit bid prices from the public 
works contract. Savings resulted in the areas of survey, design, 
and road construction, which was expected. However, the 
equipment rental contract also showed savings in inspection 
costs. This is generally not the case. In this particular instance, 
the construction inspector had another job in the vicinity. He 
split his time between both jobs and still efficiently directed the 
work. 

When comparing Forest Road #239, which was constructed 
by rented equipment, and Forest Road # 198, which was 
constructed by means of a public works contract, equipment 
rental offered an 11 percent savings over the public works 
contract, as shown in Table 3 ~nd Figure 2. The 11 percent 
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TABLE 2 COST ANALYSIS OF FOREST ROAD #l32T AND 
FOREST ROAD #l32E 

Forest Road #I 32T-Equipment Rental With Operator Contract 
(0.62 Mi New Construction) 

Preconstruction Costs($) Cost per Mi($) 

Location and plans 123.47 199.15 
Survey (cleHring limits flagged) 69.82 112.61 
Package and cost estimate 153.10 246.94 

Construction 

Inspection 330.95 553.79 
Road construction 8,244.18 13,297.06 

Total 8,921.52 14,409.55 

Forest Road# I 32E-Public Works Contract 
(0.44 mi New Construction) 

Preconstruction 

Location and plans 
Survey 
Design (package and cost estimate) 

Construction 

Inspection 
Road construction 

Total 

Total Percent of Savings= 30 

Costs 

154.73 
552.24 
187.20 

526.11 
7,630.25 

9,050.53 

Cost per Mi($) 

351.66 
1,255.09 

425.45 

1,195.70 
17 ,341.48 

20,569.38 

savings was lower than expected, which can be attributed to the 
fact that it was a poor comparison. ln fact, Forest Road #239 
may be too high a tandard road for eq uipment rental 
construction to be effective. Forest Road 11239 is a two-lane 
collector road in which the relocation involved a deep, 15- to 
20-ft cut with excavation carried forward and back. Forest 
Road It 198 was a high standard relocation project but the cut 
and fill sections did not involve large quantities of material. 
Forest Road# 198 was also surfaced with crushed aggregate and 
culverts were installed , which was not done on Forest Road 
#239. 

The only costs that were com para bl were clearing, grubbing, 
and excavation costs. The road con truction costs were 
compared in the same manner as Forest Roads #132T and 
# J 32E in that estimated quantities from the equipment rental 
projecl were compared to unit bid prices on the public works 
job. 

he greatest overall avings in the equipment rental projects 
were in con. I ruction co ts. T he e savings primarily resulted 
from not paying Davis-Bacon wage rates and from the govern
ment a sumi ng a greater risk for minor, unforeseen work and 
delays. 

CONCLUSIONS 

The use of rented equipment has raised several issues and 
concerns within the Forest Service that are addressed in the 
following paragraphs. 
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TABLE 3 COST ANALYSIS OF FOREST ROAD# 239 AND 
FOREST ROAD #198 

Forest Road 11239-Equipment Rental With Operator Contract 
(0.23 mi of Reconstruction and Relocation)• 

Costs 

Preco11sl1 ucliun Costs($) Cost per Mi ($) 

Location and plans 61.24 266.26 
Survey (clearing limits flagged) 64.74 281.48 
Package and cost estimate 143.08 622.09 

Construction 

Inspection 808.97 3,517.24 
Road construction 5,380.00 23,391.30 

Total 6,458.03 28,078.37 

Forest Road 11198- Public Works Contract (072 mi· of Reconstruction 
and Relocation To Eliminate Unsafe Sharp Curve) 

Costs 

Preconstruction 

Location and plans 
Survey 
Design (package and cost estimate) 

Construction 

Inspection 
Road construction 

Total 

Costs($) 

153.68 
915.60 
398.06 

953.74 
20,316.71 

22,737.79 

Total Percent of Savings= 11 percent 

•Relocation rolls over a sand hill through a deep cut 
eliminating a sharp loop. 

Liability 

Cost per Mi($) 

213.44 
1,271.67 

552.86 

1,324.64 
28,217.65 

3 I ,580.26 

Liability for loss, damage, or destruction of the contractor's 
equipment is covered in special contract specifications in the 
equipment rental contracts performed in the hequamegon 
National Fore l. The specifications state that the government 
shall be liable only wht:n ioss, damage, or destruction results 
from neglect or wrongful act(s) of government employee(s) 
while ucting within the scope uf their employment. 

The government is not liable for injuries or accidents to 
operators because equipment rental is a service contract or a 
non personal contract. If, for example, the inspector were to tell 
the operator when to take coffee breaks, when lo rep rt to 
work, how to move the blade on the dozer, and when to back 
up, this would constitute a personal contract in which the 
government would be liable for injuries. H wever, in reality the 
inspector is directing actions rather than . upervising people. 

Davis-Bacon 

Equipment rental contracts are not subject to Davis-Bacon 
according to a comptroller general decision, B-6009, in which 
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TABLE 4 COST ANALYSIS OF OTHER FORESTS 

Allegheny National Forest 

Equipment Rental 

Road No. Total Cost per Mi($) 

256-256A 11,123 
136 28,937 

552-552A 11 ,513 
Average 17,191 

% Savings Public Works 

Road No. 

221 
226 
341 

42.7 

Total Cost per Mi($) 

26,640 
35,945 
27,465 
30,017 

Monongahela National Forest 

250 16,473a 
882 18,811 a 

Average 17,130a 39.0 

aDirect construction costs, does not include engineering costs 

the Bonneville Power Administration project upheld this 
position. 

Risk 

In an equipment rental contract, the contractor is paid at his bid 
price per hour of work no matter how long weather or 
unforeseen conditions delay the project. This leads to additional 
cost savings when the contractor does not have to allow for 
these risks in his bid. In a public works contract, the contractor 
generally adds as much as IO to 20 percent to the price to allow 
for risks. In equipment rental projects, the government is 
assuming the risks involved. If problems do arise in an 
equipment rental project, then some of the potential savings 
may have to be sacrificed. However, public works projects 
typically contain a contract clause, "differing site conditions," 
in which the government assumes risks under certain conditions 
anyway. 

Qualifications 

Unqualified or incompetent operators could cause administra
tive problems as well as increase the total time needed to 

916 
779 

23,161 a 
33,0IOa 
28,085a 

accomplish the task. To avoid this problem, personnel qualifica
tions are contained in the equipment rental specifications, 
including the right to replace incompetent or careless operators. 

The contract specifications also state that nonproductive 
time such aS'service time, repair time, or time lost due to lack of 
operating supplies, lack of qualified operators, or delays 
resulting from the contractor's negligence shall not be paid for. 

A brief summary of equipment rental and public works road 
construction costs for the Allegheny and Monongahela National 
Forests is shown in Table 4. As shown, equipment rental offers 
an average of 40 percent savings in costs over public works 
construction . Equipment rental is generally cost-effective com
pared to conventional public works contracting. However, 
equipment rental is only applicable to low-standard, low
volume roads for which no extensive survey and design an: 
necessary. Equipment rental construction should not replace 
public works construction altogether, but it should be kept in 
mind as a useful tool and a cost-effective alternative. 
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The Use of Wood Chips in Low-Volume 
Road Construction in the Great Lake States 
J. K. BOWMAN, R. B. LIDELL, AND G. B. SCHULZE 

Wood chip fills are an effective means of constructing roadway 
embankments across swamps. The cost of materials is about the 
same as that of soil fills, but the fact that the fill has a much 
lower unit weight is a significant factor in the reduction of 
future maintenance costs and environmental damage caused by 
excessive settlements. A supply of low-value timber near the 
area to be crossed is necessary. In 1984, construction of a wood 
chip fill across a wetland on the Chequamegon National Forest 
in northwestern Wisconsin was started. Documentation of the 
construction, including its procedures, structural characteristics, 
maintenance observations, and ~conomic analyses are discussed 
in this paper. Observations of the effects that the water flow and 
chip fill have on each other are also discussed. Another wood 
chip embankment was constructed in 1983 on the Superior 
National Forest in northeastern Minnesota. The report of this 
construction includes the preliminary engineering data, the 
design rationale, a description of the construction methods, and 
general comments on the project. 

The Great Lake States of Minnesota, Michigan, and Wisconsin 
are located in the north central part of the United States 
adjacent to Lake Superior. The national forests of the Great 
Lake States mostly consist of land that has been logged and 
mined, and sometimes farmed . Most of the land , which was 
acquired by the Federal Government between 1928 and 1942, 
had little value because of past abuse and exploitation. Many 
thousands of acres were rehabilitated by the Civilian Conserva
tion Corps from 1933 to 1942, when the Corps was terminated 
because of World War II. Despite this tremendous effort to 
rehabilitate national forest lands, many thousands of acres were 
not put back into a productive state so that combinations of 
wood , water, wildlife, recreation, and forage could be made 
available. The unrehabilitated land often contained naturally 
occurring pioneer stands of low-value, low-quality decadent 
vegetation. The high cost of removing the less productive 
vegetation has been a significant deterrent to conversion of 
these stands to much more productive material. 

The energy crisis forced a closer examination of readily 
available, conventional energy sources such as wood chips. In 
1984 a pulp mill in Park Falls, Wisconsin, installed a steam
generating plant fueled by wood chips, which produced a 
market for the low-quality, storm-damaged timber stands of the 
national forests. There are now several whole-tree chipping 
operations in. the vicinity. 

A highly efficient, well-managed logging-chipping operation 
is necessary to make the production of low-value wood chips 

J . K. Bowman and R. B. Lidell, USDA Forest Service, Chequamegon 
National Forest, 1170 4th Ave. South, Park Falls, Wis. 54552. G. B. 
Schulze, USDA Forest Service, Superior National Forest, Duluth, 
Minn . 55801. 

possible. Most of these operations are highly mechanized when 
compared to other logging operations in the Great Lake States. 
A typical operation has two feller-bunchers and three skidders. 
The skidders are large, 90 to 130 hp, articulated four-wheel 
drive tractors with large grappels to hold log bunches while 
skidded to a chipper unit . The chipper has a smaller grappel on 
a hydraulically operated boom that feeds the logs into the 
machine. The chips are blown into large vans for transport to 
the boiler, where they are unloaded using a hydraulically 
operated tilt platform. A typical chipping operation will load 
four 80-cubic-yard vans per hour. A maximum transport 
distance of about 45 miles is currently needed to make the 
production of wood chips competitive with low-grade coal. 
This tends to limit the availability of low-cost wood chips to the 
vicinity of the boilers. 

Wood chips have also been used as low-weight embankments 
for roads built on landslides or in areas of high failure potential 
in the northwestern United States. Some fairly large embank
ments were constructed with such compacted wood residues as 
sawdust, shavings, chips, and hog fuel. The compacted woody 
residue was covered with several feet of soil to keep air from 
reaching the wood in order to minimize rot. 

Logging railroads used log corduroy (logs laid perpendicular) 
in many bog crossings between 1880 and 1940. Many of the logs 
that were in contact with water are still fairly sound. It is 
anticipated from these observations that if the chips can be kept 
in contact with the bog, and the contact with air can be 
minimized by a soil cover, the life of the wood chip fills should 
be at least 30 years. This may sound somewhat optimistic, but 
only time will tell . The old railroad fills across bogs usually 
disrupted the water flow, which greatly .altered the ecology of 
the bog. The water level on one side of the fill would be high 
enough to usually kill the large trees many hundreds of feet 
from the roadway. The other side of the fill would be drier, 
which resulted in the growth of trees larger than would 
naturally occur. Usually about 5 to 10 times as much bog had 
higher water level than the area that was helped by a lower water 
level. 

Most peat bog crossings on the forests have settled into the 
bogs, which requires costly maintenance. The crossings that 
were constructed from 1930 to 1978 were made by placing logs 
perpendicular to the center line of the road and covering them 
with limbs and brush, when available. The logs were then 
covered with 2 to 6 ft of soil and base rock. These crossings often 
settled several feet into the peat within a year. In some cases, 
they settled so much that the water level of the bog was above 
the road surface, which required that additional fill be hauled in 
to bring the road grade above the water level. The additional 
weight of the fill caused more settling. Small culverts 8 and 12 
inches in diameter were used in early bog fills. These pipe~ 
would sink with the heavy fill, become clogged, and have to be 
replaced. Sometimes sections of the fill would wash out before 
the pipe could be replaced. Eighteen and 24-in pipes are now 
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used. When these larger pipes sink, they continue to function. In 
areas where the fiii did not sink, the logs tended to be frost
heaved out of the ground during spring thaw. The temperature 
often gets colder than -30° F in the Great Lake States. If the 
road is snow-plowed during the winter, frost will penetrate the 
road to at least 6 ft. When the road thaws, the ice directly under 
the log will thaw last because of the insulating characteristics of 
wood . This tends to lift the logs up through the road surface. 
Starting in the late 1970s, non-woven construction geotextile, 
or fabric mat, was used to cover the logs and brush before the fill 
was placed. The use of fabric mat has solved the problem of the 
logs frost-heaving up through the fill. It has not solved the 
problem of road sinkage caused by the weight of the fill. 

However, because of the availability of wood chip logging 
operations in the area, it was decided to try the idea of using 
wood fills in the peat bogs of the Great Lake States. 

Although there is some variability among peat bogs, most 
have similar characteristics. Small trees are usually on the top of 
the bog. They are often blown down because the support for 
their roots is weak, and they are eventually incorporated into 
the mass of roots, peat moss, and older wood in varying stages 
of decay. The intertwined roots tend to lie in the first top foot of 
the bog. The mass of rotted material is usually 6 to 15 ft deep, 
depending on the depth of the bog. Most bogs are between 3 and 
30 ft deep. Fairly solid logs are usually found in the upper 6 ft of 
woody peat material of bogs. Often below this layer is a layer of 
very weak, poorly consolidated organic silts that extend to the 
bottom of the bog. 

TEST SITES FOR WOOD CHIP 
CONSTRUCTION MATERIAL 

Forest Road 648C 

A bog crossing on Forest Road 648C, located 6 mi east of Park 
Falls, Wisconsin, was the first test site on the Chequamegon 
National Forest using wood chips as fill material. This project 
started in November of 1984 and was completed in June of 
1985. The relatively shallow bog had a maximum depth of 8 ft. 
Trees were felled, placed at right angles to the center line, and 
covered with brush. Layers of non-woven geotextile and 
"Geo grid ," a polymer reinforcement, were placed on top of the 
trees and brush iayer (Figure i) . A iayer of wood chips 4 ft deep 

3'-4' Wood Chips 
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was placed on the geogrid using a loader with an oversized 
bucket designed for snow removal. Each trip the loader would 
off track to obtain compaction. A mixture of sand and chips 
was used around the culverts. It was believed the additional 
weight of the sand would have made it easier to hold the culvert 
in place during construction and would add strength to the fill. 
Two culverts 24 inches in diameter were placed in the fill to 
maintain slow water flow through the peat bog. 

After the chips were placed and machine-compacted five or 
six times by the loader, a layer of sand-gravel material 6 to 12 in 
deep was placed over the entire fill. The cover material was 
spread and compacted by a small bulldozer. It was believed this 
material would help distribute the wheel loads, keep oxygen 
away from the chips, and maintain a high moisture content. 
Much of the timber used had been damaged by insects and was 
somewhat rotted , which should not have affected the perform
ance of the fill. 

Cost Estimate 

It was estimated that 600 yds3 of chips were needed for the fill. 
Past experience in wood chip logging operations indicated that 
10 cords of wood were needed to produce a van load of chips. A 
van has a capacity of 80 yds 3; therefore, 75 cords of wood were 
needed to produce 7.5 van loads of chips. 

600 yds 3 needed 
80 yds3/ van load 

= 7.5 van loads needed, and 

7.5 van loads at 10 cords/ van load = 75 cords of wood. 

Timber density in the area of the fill was estimated at 13 cords 
per acre . 

75 cords needed 
13 cords per acre 

= About 6 acres of low-volume timber. 

The costs were as follows: 

I . Preparation 

8'-0" 

Hydro-AX, Model 311, feller-buncher -
13 hrs at $35 /hr = 
Skidder, John Deere 4408 -
9 hrs at $35/hr = 

$455 .00 

$315 .00 

Geotextiles 
Material 

~~~~~!!i~~~~~~!!~~~~~~~~~;i~~~ ........ -Logs, Brush 

v \ & Stumps 
.I vii'.,, 

FIGURE 1 Typical section -swamp crossing. 
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2. Chipping 
Mobark chipper and 
John Deere 540A Grapple skidder -
9.5hrsat$125/hr = 

Total cost = 

$1,187.50 

$1,957.50 

All equipment was rented with an operator. About 600 yds 3 of 
chips were produced. 

$1,957.50 
600 ydsl 

3. Placement 

3 
= $3.26/yd 

John Deere 544B loader with snow bucket -
9.5 hrs at $40/ hr = $380.00 

About 600 yds 3 of chips were placed . 

$380 = $0.63/yd 3 

600 yd 

Total cost/yd 3 = 

$3.26 

$0.63 

$3.89 

The loose weight of wood chips is I0.4lbs/ft3. UsingAASHTO 
T99 to determine the moisture-density relationship, the dry 
weight is 16.6 lbs/ft3. The actual dry weight in the fill is 
probably less than the T99 compacted weight, but more than 
the loose weight. Common fill materials weigh about 110 
lbs/ft3• The moisture content is about 11 percent for a gross 
weight of about 122 lbs/ ft3. Assuming a moisture content of 100 
percent in the wood chip fill, the in-place density is about 33 
lbs/ ft 3. These figures indicate that the weight of the chips in 
place is approximately one-fourth the weight of the soil fill. 

The fi~st 400 ft of the road was over rather weak, silty soil that 
developed 12 to 16 ft ruts from pickup truck use. As a further 
test, it was decided to surface this section of road with an 8-in 
layer of chips. Chips have been used as a surface to prevent dust 
and abrasion (1). Because we had quite a few extra yards of 
chips, this appeared to be a good use for them. The chip surface 
has consequently prevented the development of deep ruts, but 
has a high-rolling resistance because the chips do not compact 
well. An unexpected benefit of using wood chips for surfacing 
has been the elimination of vegetation growing in the roadway 
of low-use roads. Vegetation growing in the roadway is a 
significant maintenance problem in parts of the Great Lake 
States. After nearly 3 yrs oflow use, no vegetation has grown in 
the roadway. The chips appear to work in the same way as 
mulch to keep light and heat away from the soil so that 
vegetation does not easily start to grow. 

It will be interesting to see how long this wood chip surface 
lasts and what effect the rotting of the ·chips will have on the 
road. The chip surface has not needed blading to date and 
appears that it will not need maintenance for at least 3 more 
years. It is anticipated that the chip surface will last for 7 to 10 
years, which is longer than the road will be needed. 

The following are the results of several sieve analyses of the 
chips: 
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Percent Passing Percent Passing 
Sieve Size Sample I Sample 2 

I in. 100.0 100.0 
3/4 in. 98.0 98.8 
3/8 in. 68.5 64.4 

No.4 35.5 32.7 
No. 8 21.0 17.1 
No. 30 11.0 6.0 
No. 100 2.0 1.7 

The moisture content of Sample I, which was taken after a long 
dry spell, was 41 percent. Sample 2 was taken several days after 
a typical summer shower and had a 61.8 percent moisture 
content. 

Forest Road 472 

In June of 1985, while Forest Road 648C was being con
structed, a tornado devastated 10,000 acres of the Chequamegon 
National Forest in Wisconsin from Park Falls to 22 mi 
southeast of Park Falls. Fifty million board feet of timber had 
been badly damaged, but about 30,000,000 board feet of the 
damaged timber was salvageable. Most of the roads needed to 
salvage the timber had good sources of pit run surfacing nearby. 
Forest Road 472, which is 13 mi southeast of Park Falls, had 
some very wet, weak soils and crossed two bogs. Because of the 
availability of low-quality wood, and a chipper working nearby, 
it was decided to use wood chips for the fill material. 

A 2-ft layer of chips was placed over a geotextile in the two 
bog areas, which were each 400 ft long. A I-ft layer of chips was 
spread over wet soils on an 800-ft section of the road. The last 
800 feet of the road was very boggy; a layer of geotextile was 
placed on it before a I-ft layer of chips was spread. One 50-ft
long section that had geotextile and 2 ft of chips showed 
repeated deep rutting. This section never completely failed, but 
each loading drove the geotextile arid chips down into the peat 
(Figure 2). Water collected about 2 in deep in the 14-in-deep 
ruts. Smaller vehicles had difficulty negotiating this area, even 
when off-tracking to avoid getting stuck in the truck ruts. The 
smaller vehicles would leave 6- to 8-in-deep ruts in the chips. It 
appeared that the trucks would sink until the geotextile was 
under tension and spread the weight across the peat bog. 

Cost Estimate 

A cost estimate indicated that if a chipping operation could be 
rented for 9 hrs, 1,440 yds 3 of chips could be produced. The 
rented equipment included a chipper, a feller-buncher, and a 
skidder. Another feller-buncher and skidder were employed on 
log production. Most saw logs were saved; only tops and low
quality wood were chipped. Because the large trees were not 
chipped, only 630 yds 3 of chips were pro\luced in 9 hrs. 

The actual costs were as follows: 

Chipping 
Move in, I hr at $150/hr = 
Chipping, 9 hrs at $150/hr = 

$1 350 
630 yds3 = $2.14/ yd3 

$ 150.00 
1,350.00 

$1,500.00 
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Water Level 

l 
Geotextile Material 

Placed on Ground Surface 

FIGURE 2 Apparent behavior of chip fill near failure. 

Hauling and Placing Labor (Includes Laying Fabric) 
Supervision - 20 hrs at $16.54/hr = 
Truck driver - 20 hrs at $11.65/hr = 
Truck driver - 20 hrs at $11.58/hr = 
Loader operator - 20 hrs at $8.00/ hr = 
Hourly costs include all benefits including 

retirement. 

Equipmenl 
Dump truck - 90 mi at $0.60/ hr = 
Dump truck - 70 mi at $0.60/hr = 
Loader - 17 hr at $10/hr = 

$330.80 
233.00 
231.60 

160.0 
$955.40 

$ 54.00 
$ 42.00 
$170.00 
$266.00 

Almost half of the time was spent working with the wood 
chips. The rest of the time was spent with the sand/ gravel cover 
material. The cost for the chips is: 

$955.40 labor + $266.00 haul and place 
2 

$61.0.70 
630 yd 3 = $0.97 / yd 3 

Cost of haul and placement/ yd 3 = 
Cost of chipping/yd 3 = 
Total cost/yd 3 = 

= $610.70 

41"(\()""'7 
.pv,7' 

2.14 
$3 .11 

The summer of 1985 was very wet and cool. This further 
complicated construction, because the soils did not dry out. 
Although the subgrade was very wet, the chips worked well. 
Another significant factor that complicated construction, and 
tested the wood chips nearly to the limit of performance, was 
the fact that an energy wood chipping operation was using the 
road during construction. As a result of this operation, four 
80-yd3 loaded vans and associated service vehicles hauled over 
the road each hour. 

The entire fill would deflect about 6 in under the larger 
trucks . The truck tires would sink into the chips about 4 to 6 in, 
but the chips would rebound after the load passed (Figure 2). 

Six in of sandy soil was placed on top of the chips as a finish 
surface. This layer of soil appeared to substantially increase the 
strength of the road. The heavy loads would depress the surface 
less than 2 in directly under the wheels and the road would 
rebound after the load moved. About 900 cords of wood were 
moved over this road. The road is satisfactory and shows no 
distress from the heavy hauling. 

It was expected that the wood chips would let some water 
percolate through the fills . Because the fills did not compress 
the peat, a more natural water flow than was experienced with 
soil fills was maintained. The apparent reduced environmental 
impact of the wood chips is a factor that will be considered for 
future applications. 

If self-dumping vans were available, the use of wood chips on 
low-volume roads would have been even more economical. If 
they were available in the Great Lake States, the cost of chips 
would have been as follows: 

Produclion 
80-yd3 van load x $2.14 

Haul 
10-mi average 

$0.05 / yd x 80 yd 3 x 10 mi 

Overhead (Profit and Risk) 
Total 

$276.20 
80 ydj = $3.45/ yd 3 

Superior National Forest Project 

= $171.20 

= $ 40.00 

= $ 65.00 
$276.20 

In 1983, a roadway embankment was constructed in the 
Superior National Forest in Cook County, Minnesota, across a 
deep, weak peat deposit. This embankment was designed to 
preclude structural failure of the peat subgrade. The desired 
factor of safety against such failure was a minimum of two. A 
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safety factor of two is appropriate when one considers the 
inadequacy of evaluating the peat strength with a field vane 
and, basing the design on the equilibrium of a circular sliding 
mass, the possibility of poor construction inspection, the severe 
consequences of failure such as the possible loss of life, the 
permanent loss of an expensive piece of equipment, and the 
substitution of a relatively inexpensive method of crossing the 
peat deposit with a much more expensive method. 

Direct sampling of the peat deposit was performed, and the 
data are presented on the Boring Log sheet (Figure 3). 

A strength evaluation of the peat was also performed using a 
4-in rectangular vane apparatus. A description of the vane and 
test procedures is presented in ASTM 02573. Shear strength 
profiles of the peat deposit are presented in the Shear Strength 
Profile sheets (Figures 4 to 13). 

The problem of embankment stability was approached in the 
same way as a slope stability problem. The method of solution 
involved the equilibrium of a free body rotating on an assumed 
circular failure surface. The analysis involved finding the 
circular surface that produced the lowest factor of safety, an 
example of which is presented in the Stability Analysis sheet 
(Figure 14). 

Evaluations of many different road cross sections were made 
to find those that had factors of safety of two or more. These 
were further evaluated for cost of construction, and the least 
expensive cross section was selected as the design for the 
embankment across this peat deposit. Station 63+ 30 was found 
to be the most critical location in the peat deposit. The design 
cross section is shown in Figure 15. 

The IO-ft layer of weak peat (150 in/lb) at the bottom of the 
peat deposit at Station 63+ 30 would have allowed deep failure 
to occur. The log corduroy functioned as an extremely strong 
layer and forced the failure circle to occur outside of the 

Begin Swamp 59+50 

59+90 60+50 

* ~ -~ . ---~ 

61-t-OO 

10 
~!-------

"' "' 

~= Cobble & Boulder , ROCK 
== Silty Sand , SM 
C:::Sc Silt , ML 

~ Organic Silt , OL 
•!'° 4 --; = Peat , PT 
~ = Undecomposed Logs , \/DOD 

61+70 62+25 

FIGURE 3 Shoe lake road FR313, Section A (boring logs). 
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corduroy, which consequently increased the failure circle arc 
and the total shearing resistance of the peat. The wood chip fill 
functioned as a space filler; the desired profile grade could 
therefore be obtained with minimum dead load. The layers of 
geotextile over the corduroy and wood chips acted as separators 
only. The earth fill functioned as an envelope over the 
degradable wood chips and log corduroy to keep air from 
reaching these materials. The earth fill berms on each side of the 
major roadway embankment also functioned as counter weights 
and lent a great deal of stability to the entire embankment. The 
grade was surfaced with 6 in of good quality crushed gravel. 

Construction specifications for this project were detailed and 
required the use of method type specifications. This was 
necessary to ensure that construction techniques, sequences, 
and equipment sizes were all consistent with the design and the 
minimum factor of safety. Construction of embankments on 
peat subgrades typically produce the most severe loadings the 
peat will ever experience during the life of the project. The 
construction equipment is extremely heavy and sometimes 
operates only on thin lifts above the peat surface. The peat itself 
is at its weakest state because of its high water content and 
unconsolidated state. It should be noted that a good construction 
inspection is necessary to ensure compliance with the specifica
tions. 

The contractor proposed a method of construction that was 
not outlined in the construction specifications. This proposal 
was checked for consistency with the design, and it was 
determined that the minimum factor of safety could be 
maintained. 

The contractor constructed the entire cross section, except 
for the surfacing, as work progressed across the swamp. A Cat 
235 excavator located at the end of the fill, with an extended 
boom attachment, placed corduroy about 20 ft ahead of the 

End Swamp 65+~0 

63+30 63+70 64+25 64+70 
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work. A layer of 4-oz./ sq yd, non-woven geotextile was placed 
over the corduroy. The excavator backed off the fill so tandem 
axle 15 CY dump trucks could back onto the fill and dump the 
wood chips. The wood chips were spread and shaped with a Cat 
D3 bulldozer and covered with the same geotextile. The earth 
fill was then spread and shaped by the small bulldozer. After 
this 20-ft length of embankment was completed, the excavator 
returned to place another 20 ft of corduroy. 

Settlements of this embankment were not monitored; how
ever, points outside of the construction limits were monitored 
for elevation changes during and shortly after construction. 
Increases in elevation of these points would have been inter
preted as indicating displacement of peat resulting from 
structural failure. Large fluctuating elevations (bouncing) of 
these points were noted as the excavator moved past on the 
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newly constructed embankment. This phenomenon completely 
stopped in a day, and no net elevation changes were noted at 
these monitoring points. 

The construction profile grade was determined by an estima
tion of embankment settlement added to the desired final 
profile grade. This estimate was made from observations of 
measured settlements of similar construction projects. In this 
case, the settlements were estimated to be 5 percent of the peat 
depth. The actual amount of settlement a year after construction 
was 10 percent of the peat depth. 

This embankment has carried over 10,000 IO-ton axle loads 
over the 3-yr period it has been in place, and is functioning as 
intended. Because the design precluded displacement of the 
peat, there was no uplift of the swamp surface and, consequently, 
no water buildup or associated environmental changes. 
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Further Research 

Researchers at the North Central Forest Experimental Station's 
Forest Engineering Project in Houghton, Michigan, recently 
developed prototype machinery that reduces whole trees into 
particles substantially larger than those from whole-tree 
chippers. The resulting particles have been coined "chunk
wood" and the machine a "whole-tree chunker." Figure 16 is a 
photograph of chunk wood on a pile of wood chips. Chunk wood 
is made in a great range of sizes; some particles are highly 
irregular in shape and have sharp, angular edges. The main 
potential market for chunkwood produced from small trees and 
residues is as an industrial fuel. However, there is a high degree 
of certainty from very limited tests that chunk wood could prove 
to be an acceptable, readily available material for a range of 
situations in low-volume road construction. Because of the 
range of shapes and particle sizes of chunkwood compared to 
chips, and because of its lower production costs, it is believed 
that chunkwood could be a superior road-building material. 

FIGURE 16 Chunkwood on woodchips. 

A combined research and demonstration program is being 
performed using chunkwood as a road-building material to 
construct sections of low-volume roads in three diffen:nt 
National Forest problem areas, including roads through sugar 
sands, muskegs, and low-strength wet silts. The cooperators are 
the Chequamegon National Forest, Park Falls, Wisconsin; the 
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Superior National Forest, Duluth, Minnesota; Michigan 
Technological University, Department of Civil Engineering, 
Houghton, Michigan; and the North Central Forest Experi
mental Station, Forest Engineering Project in Houghton, 
Michigan. The roads will serve as field research and demonstra
tion sites. The chunkwood will be tested in the laboratory at 
Michigan Tech for various mechanical properties important to 
road building, including permeability. The "woodchunker" 
used was built by the Forest Service Missoula Equipment 
Development Center in Missoula, Montana, for the Colville 
National Forest in Colville, Washington. 

Should chunkwood prove to be a suitable road-building 
material, it would provide the national forests with an excellent 
use for a forest resource for which there are limited or no 
existing markets. In fact, use of this product would eliminate a 
costly disposal problem. In the ultimate scenario, the National 
Forest could plan future low-volume roads concurrently with 
future harvesting operations. For example, low-value northern 
hardwood poletimber stands could be thinned for road building 
materials. Use of renewable, above-the-ground forest biomass 
for low-volume roads would ensure the availability of material 
and would, more importantly, conserve quality borrow-pit 
materials for higher-standard roads . 

Wood preservatives will be examined at a later date to see if 
the chips or the chunks can be preserved at a reasonable cost. If 
the wood materials can be preserved at a fairly low cost, and 
with little environmental damage, the number of potential 
applications for surfacing would be substantially increased. 

CONCLUSIONS 

Wood chip fills are an effective means of constructing roadway 
embankments across swamps and bogs. The cost is about the 
same as using soil fill material, but the fact that wood chip fills 
have a much lower unit weight is a significant factor in reducing 
future maintenance costs and environmental damage. However, 
a supply of low-value timber near the area to be crossed 1s 
essential. 
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Use of Phosphate Mining Waste in Secondary 
Road Construction 
J. LUDWIG FIGUEROA, LIANG ZHOU, AND WEN F. CHANG 

A pilot study was undertaken to provide alternate methods of 
rebuilding county and other secondary roads using phos
phogypsum, a phosphate mining waste that is abundant in 
fertilizer-producing countries, as an aggregate and stabilizer. 
Current construction practice for some of these roads consists 
of mixing and further compacting the generally granular soil 
subgrade with fine-grained soils that are transported to the site. 
These mixtures tend to be largely affected by changes in the 
moisture regime. Several phosphogypsum-sand mixtures have 
been studied, mainly under California Bearing Ratio tests, as 
well as unconfined compression tests, to determine their 
engineering properties under different curing conditions, as 
well as to find useful design parameters. Both dihydrate and 
hemihydrate phosphogypsum were used throughout this investi
gation. Most of these mixtures yielded significant strength and 
bearing gains; however, some of them also became unstable 
when soaked. A rapid-curing cutback asphalt, RC-70, was 
added to the mixtures to decrease their moisture susceptibility. 
It was found that a very small percentage of RC-70 is required 
for specimens to develop such water resistance. Several alterna
tives that would perform acceptably when used in the construc
tion of secondary roads are presented in this paper. 

INTRODUCTION 

Fertilizer producers throughout the world are becoming in
creasingly concerned about the proper disposal and possible use 
of the waste material that results from the production of 
phosphoric acid. Wet-process phosphoric acid is manufactured 
after mixing finely ground phosphate rock with phosphoric 
acid, sulfuric acid, and water to produce a slurry of phosphoric 
acid and a phosphogypsum by-product. Phosphogypsum 
(hydrated calcium sulfate) is then separated from the phos
phoric acid (liquid) by filtration (J). The phosphogypsum by
product, discharged from the filter and slurried with water, is 
pumped to large stockpiles where it is allowed to disperse (2) . 

It is estimated that between 4.5 and 5.5 tons of phos
phogypsum are generated per ton of phosphoric acid produced 
(3). An increasing demand for phosphoric acid has consequently 
enlarged phosphogypsum stockpiles throughout the world. In 
the State of Florida alone, the phosphate industry generates 
over 33 million tons of phosphogypsum each year, and its 
stockpiles have been estimated at over 400 million tons . 
Predictions indicate that this figure will rise to I billion tons by 
the year 2000 (4). 

Although research that is focused on finding adequate uses of 
phosphogypsum has intensified in recent years and mixtures 
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with potential application in the construction industry have 
been developed, no significant industrialized use of this waste 
material has been reported (5, 6). The lack of cost-effective 
techniques for the removal of chemical impurities and processing 
of phosphogypsum has previously precluded its use in the 
building products industry. However, there have been remark
able advances in these techniques that suggest its not too distant 
application (5). 

A more immediate application ofphosphogypsum is possible 
when no special processing is required for its engineering use. A 
typical example is in the construction of bases and subbases for 
major roads and even as a riding surface, when mixed with 
other adequate aggregates, for secondary roads. A recent study 
completed by Usmen and Moulton involved the construction 
and monitoring of road test sections with base courses that 
contained 5 percent lime, 20 to 65 percent fly ash, and 75 to 30 
percent fine calcium sulfate (fluorogypsum) (6). These authors 
concluded that " . .. the results obtained so far indicate that 
these mixtures show very good promise for use in pozzolanic 
bases and subbases in secondary roads, and relatively large 
percentages of waste calcium sulfate can be successfully used in 
such mixture." 

Other laboratory studies have reported 28-day, unconfined 
compressive strength values of over 1,500 psi for lime, fly ash, 
and phosphogypsum mixtures, (1, 7) and near 1,000 psi for 
cement, sand, and phosphogypsum mixtures with a cement 
content of up to 10 percent (J. 8) . The same authors reported 
that these mixtures were not greatly affected by moisture 
changes. Although the first type of mixture mentioned contains 
as much as 95 percent waste materials (fly ash and phos
phogypsum), fly ash may not be readily available near the 
phosphogypsum piles in the required large quantities . The large 
amourit of cement required to achieve adequate strength for the 
second type of mixture mentioned also might preclude its 
application in some of the phosphate-producing countries. 

This study was aimed at determining whether or not any 
beneficial gains could be obtained when mixing phosphogypsum 
with naturally occurring subgrade soils, ip particular granular 
soils , to be used in secondary road construction. In some 
instances, additives were blended with these mixtures to reduce 
their moisture susceptibility or render them insensitive to 
moisture changes. These mixtures offer alternatives to common 
construction practices for secondary roads that consist of 
mixing and further compacting the generally granular soil 
subgrade with fine-grained, clay-like soils that are transported 
to the site. Phosphogypsum adds cohesion to granular soils and 
could very well replace the already scarce and relatively 
expensive fine-grained soils. Suitable sand-phosphogypsum 
mixtures would not only contribute to the improvement of the 
performance of secondary roads througHout central and 
northern Florida, where these materials were obtained, but 
throughout other parts of the world where similar conditions 
may be found. However, this is provided that environmental 
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concerns regarding the use of phosphogypsum in this type of 
construction activity can be resolved . At the same time, a large 
step could be taken to partially solve the disposal problem of 
phosphogypsum, because large amounts of it may be required 
in these secondary roads. 

Several phosphogypsum-sand mixtures were studied under 
California Bearing Ratio (CBR) tests, as well as unconfined 
compression tests, to determine their engineering properties 
under different curing conditions, as well as to find useful 
design parameters. Both dihydrate and hemihydrate phos
phogypsum were used throughout the investigation. Most of 
these mixtures yielded significant strength and bearing gains; 
however, some of them also became unstable when soaked. In 
such cases, small amounts of a rapid-curing cutback asphalt 
were added to the mixtures to successfully reduce their moisture 
susceptibility. 

MATERIALS 

Phosphogypsum 

Phosphogypsum, a waste product from the phosphate industry 
that primarily contains calcium sulfate, is a material mostly 
composed of fine particles that develops strength when com
pacted , but becomes unstable when saturated (9). Instability is 
unnoticed, however, when phosphogypsum of the hemihydrate 
type is soaked. The gypsum by-product, discharged from the 
filter and slurried with water, is pumped to large piles, where the 
final moisture content stabilizes to between 20 and 30 percent. 
The nature of the phosphate rock and the degree of digestion 
and filtration determine the chemical composition of phos
phogypsum (2). A typical chemical analysis and pH range of a 
phospltOgypsum sample are shown in Table 1. Calcium sulfate 
may be present in phosphogypsum in percentages as high as 95 
percent; the remaining percentage consists of impurities such as 
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silica, phosphates, fluorides, and organic constituents. Among 
the impurities is radium from the original ore that remains and 
coprecipitates with the calcium sulfate. 

TABLE 1 TYPICAL CHEMICAL ANALYSIS OF 
PHOSPHOGYPSUM (FROM REF.7) 

CaS04.2Hp 
P2 05 
F 
Si02 
Soluble Salts 

pH 

85.0 - 95.0% 
0.2- 1.7% 
0.4 - 1.3% 
1.4 - 8.4% 
0.1- 5.3% 

3. 1 - 5.3 

Crystals of calcium sulfate can exist in at least three forms: 
anhydrate (CaSO~, hemihydrate '(CaS04 • I/ 2H p), also 
termed plaster of Paris, and dihydrate (CaS04 • 2H 20) (J). 
The phosphate industry generates either one of the last two 
types mentioned depending on the processes that were used to 
obtain phosphoric acid. Both types, obtained from different 
phosphate producing plants, were therefore used throughout 
the investigation. 

The grain size of phosphogypsum depends on the processes 
used and the degree of grinding prior to the chemical reaction. 
The grain size distribution curves are shown in Figures 1 and 2, 
along with their specific gravities, for the dihydrate and 
hemihydrate phosphogypsum samples, respectively, used in the 
preparation of mixtures to be discussed later. The hemihydrate 
phosphogypsum is coarser and has a higher specific gravity 
than the dihydrate phosphogypsum. However, these relative 
characteristics may change, depending on the amount of 
impurities and the processing of the phosphate rock. Both types 
of phosphogypsum showed nonplastic characteristics. 
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FIG URE 2 Grain size distribution for hemihydrate phosphogypsum and sand (Type 2). 

Sand 

Alth.ough sand samples were obtained from two different 
sources for the preparation of test specimens, they presented 
similar characteristics in regard to their grain size, classification, 
and composition. These soils could be considered typical within 
the counties where the phosphate rock processing plants are 
located. Both silica sands could be classified as A-3 soils 
(AASHTO Soil Classification System) and had a specific 
gravity of 2.68 and 2.63, respectively. The grain size distribution 
of each type of sand is presented in Figures I and 2 together with 
the curve of the corresponding type of phosphogypsum used in 
the preparation of mixtures. 

Cutback Asphalt 

A rapid-curing cutback asphalt (RC-70, which is an asphalt 
cement dissolved in highly volatile solvent with a low boiling 
point, such as naphtha or gasoline) was blended with sand
phosphogypsum mixtures in an attempt to reduce their moisture 
susceptibility. Other asphalt derivatives such as emulsions were 
also blended into the mixture; however, no satisfactory results 
were obtained with these types of additives. 

SAMPLE PREPARATION AND TESTING 

A total of six mixtures were used in the preparation of test 
specimens. Three of the mixtures contained dihydrate phos
phogypsum and sand (Type I) whereas the remaining three 
mixtures were prepared with hemihydrate phosphogypsum and 
sand (Type 2). Several proportions of sand and phosphogypsum 
were tested to determine the effect of the amount of phos
phogypsum on properties of common use in compacted earth
works and to determine the relative percentages that led to the 
most desirable engineering properties. 

The determination of the moisture content of samples 
containing phosphogypsum was conducted at 60°C for 24 
hours to prevent the calcination of phosphogypsum. All 
moisture-density specimens exhibited an increased optimum 
moisture content with an increased amount of phosphogypsum. 

Unsoaked laboratory and field CBR test"s were used to 
evaluate the potential use of the selected mixtures as surface 
courses in secondary roads. Field CBR tests were performed on 
small pavement sections (3 ft X 3 ft X 5 in thick) compacted 
outdoors over an existing limerock base. These sections were 
exposed to periods of rain and dryness for several weeks before 
they were tested. In some instances, the field sections were 
flooded; however, most of the resulting mixtures exhibited very 
low permeability, which greatly prevented the penetration of 
water. Test sections were constructed next to each other, and no 
effort was made to vary the resulting moisture content after 
mixing appropriate amounts of phosphogypsum and sand 
directly from outdoor stockpiles. Laboratory specimens, how
ever, were compacted below and above optimum moisture 
content to determine its effect on the CBR. 

Small specimens 2 in in diameter and 4 in in length were also 
compacted following modified Proctor compaction specifica
tions to obtain a measure of the relative strength of the mixtures 
shown in Table 2, and to determine whether or not strength 
development was time-dependent. These specimens were tightly 
wrapped in a plastic membrane immediately after preparation 
to prevent any moisture losses during the time preceding 
unconfined compression testing. Some of the specimens were 
soaked in water before they were tested to observe the quality of 
the bond between sand and phosphogypsum under submerged 
conditions . 

Small amounts of RC-70 (up to 2 percent by dry weight) were 
added to some of the mixtures to improve the bond of the 
sand-phosphogypsum matrix. It was expected that such 
mixtures would behave in a favorable manner when subjected 
to a variable moisture regime. 
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TABLE 2 MIXTURE CHARACTERISTICS 

Mixture Dih. Gyps. Sand #I 
No. (%) (%) 

I 25 75 
2 33.3 66.6 
3 50 50 
4 
5 
6 

RESULTS AND OBSERVATIONS 

Moisture-Density Relationships 

Values of the maximum dry unit weight and optimum moisture 
content, obtained through modified Proctor compaction testing, 
for each mixture are summarized in Table 2. 'Mixtures of 
dihydrate phosphogypsum and sand initially showed an in
creased maximum dry unit weight with an increased amount of 
phosphogypsum. However, the dry unit weight peaked and 
eventually decreased with an increased amount ofphosphogyp
sum. Dihydrate phosphogypsum, which has a significantly 
lower specific gravity than Type 1 sand, initially fills the voids 
that exist between the generally uniform sand grains, and 
thereby increases the maximum dry unit weight. An excess of 
dihydrate phosphogypsum, however, leads to a reduced maxi
mum dry unit weight. 

Mixtures that contained hemihydrate phosphogypsum con
sistently showed an increased maximum dry unit weight with an 
increased amount of the waste material. Although hemihydrate 
phosphogypsum has a slightly lower specific gravity than Type 
2 sand, increased amounts of this material produced a denser 
mixture. Total replacement of sand was avoided because it was 
considered necessary to obtain a mixture that contained coarse 
aggregate to partially reduce the possibility of slippery condi
tions when it was wet, and to reduce transportation costs, 
because the aggregate was already available at the construction 
site. 

Laboratory and Field CBR 

The results of unsoaked CBR tests of modified Proctor
compacted specimens agreed closely with the results of compac
tion tests. A maximum CBR value was generally obtained at a 
moisture content near optimum. Any increase in moisture 
beyond this level led to a sharp decrease in the CBR value. In 
addition, the sand-phosphogypsum (either dihydrate or hemi
hydrate) mixture with the highest maximum dry unit weight 
also indicated the highest CBR. Details of the variation ofCBR 
with compaction moisture content for mixtures containing 
either di hydrate or hemihydrate phosphogypsum are presented 
in Figures 3 and 4, respectively. The type of mixture that led to 
the maximum CBR value also coincided with the type of 
mixture that led to the maximum dry unit weight. These results 
indicate the adequacy of moisture-density control during 
construction to secure adequate bearing characteristics from 
sand-phosphogypsum mixtures. 

The addition of small amounts of RC-70 (J to 2 percent by 
dry weight) to a sand-dihydrate phosphogypsum mixture did 
not produce any significant changes in the CBR-moisture 
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content relationship, as shown in Figure 3. A slightly lower 
CBR was obtained when 2 percent, instead of I percent, of 
RC-70 was added to a mixture containing one part of di hydrate 
phosphogypsum and two parts of Type I sand. No cutback 
asphalt was added to hemihydrate phosphogypsum-based 
specimens, because it was found that they could withstand 
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cyclic wetting and drying without collapsing because of the 
lasting bond introduced by this type of phosphogypsum. 

A total of eight pavement sections were compacted outdoors 
with a mechanical compactor to obtain relative CBR values 
after several weeks of exposure to wetting and drying cycles. In 
all cases, the compaction moisture content was slightly higher 
than optimum (I to 2 percentage points), which resulted from 
mixing adequate proportions of sand and phosphogypsum 
directly from outdoor stockpiles. The mixture compositions 
and the results of field and laboratory CBR tests are shown in 
Table 3. The addition of either type of phosphogypsum to sand 
was consistently beneficial in increasing the CBR. The sect,ion 
that contained 100 percent hemihydrate phosphogypsum, for 
all practical purposes, set as a rigid layer. The addition of 
cutback asphalt to the sand-dihydrate phosphogypsum mixture 
did not significantly improve the CBR. However, it was noticed 
that this pavement section was less prone to softening after 
rainy periods than the section without the cutback asphalt. 
Field CBR values were found t~ compare reasonably well with 
laboratory results. 

Unconfined Compressive Strength 

Unconfined compression testing was primarily used as a 
measure of the binding abilities of phosphogypsum. A compara
tive study was performed to determine whether or not there was 
a significant gain in the unconfined compressive strength, with 
time, of specimens containing both types of phosphogypsum. 
Specimens that were prepared under identical conditions, and 
at their optimum moisture content, were tightly wrapped to 
prevent loss of moisture and were allowed to cure at room 
temperature (78°F) for up to 3, 7, 14, 21, and 28 days before 
they were tested under unconfined compression. 

All mixtures tested showed significant increases in their 
unconfined compressive strength with time, as shown in 
Figures 5 and 6, for mixtures containing dihydrate and hemi
hydrate phosphogypsum, respectively. Increases in strength 
were of a lower magnitude when the mixture contained cutback 
asphalt. The results of unconfined compression tests were also 
generally higher for mixtures that yielded higher maximum dry 
unit weights. The curves presented in Figures 5 and 6 represent 
the average of the test results of at least three specimens per 
curing time and for each type of mixture. 

Finally, the effect of a variable moisture regime was investi
gated after subjecting the compacted specimens to cyclic 

PHPH. SAND RC -70 .,, 
... 33 .3% 66.6% 

2s.0% ns.0% 
% 33.3°/o 66.6•/o 1°/o ---
1- 50.0% 50.0% 
~ 150 33.3% 66.6% 2% ----... 
a: 
t; 
... 
> 
ii 100 ... 
f ?'. ---- --- --

-
::II 
8 

.....---..-- - --,,,.,,.,.._ ::.... -- -- ------,,_ - ----
0 ~/· - -------~ 50~ ,,.. __ _ _ ____ _ _ 

;;: 
~ 
<..> z 
:> 

TIME OF CURING (DAYS) 

63 

FIGURE 5 Effect of time of curing on the unconfined compressive 
strength of dihydrate phosphogypsum-sand-RC-70 mixtures. 

TABLE 3 VARIATION OF FIELD AND LABORATORY CBR WITH MIXTURE PROPORTIONS 

Section Dih.Gyps. Sand #I Hem. Gyps. Sand #2 RC-70 CBRI CBR2 
No. (%) (%) (%) (%) (%) (%) (%) 

I 100 28 
2 100 34 
3 33.3 66.6 66 68 
4 32.6 6S.4 2 7S 61 
s 100 29 
6 so so 46 S4 
7 66.6 33.3 79 6S 
8 100 0 100 

C BRI = Field CBR 
C BR2 = Laboratory C BR 
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wetting and drying. Each wetting cycle consisted of submerging 
the specimens in water at room temperature for 48 hours. The 
drying cycle, also of a 48-hour duration, consisted of subjecting 
specimens to a temperature of 60° C to prevent the calcination 
of phosphogypsum. The results of unconfined compression 
tests of mixtures that contained dihydrate phosphogypsum, 
sand, and I or 2 percent RC-70, as shown in Figure 7, indicated 
that although strength was lower after the wetting cycle, 
specimens remained bonded because of the influence of the 
asphalt cutback. Specimens without asphalt cutback collapsed 
during the first wetting cycle, which indicated the lack of a 
water-resistant bond between sand and dihydrate phosphogyp
sum. Specimens that contained hemihydrate phosphogypsum, 
however, developed a water-resistant bond that eliminated the 
need to add any waterproofing material. The effects of freezing 
and thawing were not examined because these problems did not 
typically occur in the geographical zones under consideration. 
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FIGURE 7 Effect 11f cyclic wetting and drying on the unconfined 
compressive strength of sand-dihydrate phosphogypsum-RC-70 
mixtures. 

DESIGN RECOMMEND A TIO NS AND CONCLUSIONS 

Results of laboratory and field testing of phosphogypsurn
based mixtures indicate that phosphogypsum promotes sand 
particle bonding, which in turn prevents surface erosion to 
some extent. A stronger, water-resistant bond develops between 
sand and hemihydrate phosphogypsum; however, a small 
amount of waterproofing material (I to 2 percent RC-70) 
should be added when the mixture is prepared with dihydrate 
phosphogypsum, especially when this mixture will be subjected 
to a variable moisture regime. 

A mixture that contains one part of dihydrate phosphogyp
sum and two parts of sand with 1 to 2 percent RC-70, and a 
mixture that contains two parts of hemihydrate phosphogypsum 
and one part of sand, each yield a CBR of over 60 percent (a 
little over twice the value of sand alone), which will definitely 
contribute to the improvement of surface conditions in low
volume road construction. Under these circumstances, a struc
tural coefficient equal to 0.12 could be used to determine the 
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required thickness of either one of the two types of phos
phogypsum-stabilized surface layer, following the AASHO 
flexible pavement design procedure. This structural coefficient 
has been determined from known correlations with the CBR 
(10). 

Two pavement sections, each over I mi long, have been 
recently built in central and northern Florida using selected 
mixtures of sand, phosphogypsum, and RC-70 as a result of this 
study. Initial observations indicate adequate structural and 
functional performance in both pavement sections; however, a 
longer observation period will be necessary before any definite 
conclusions can be drawn. Groundwater monitoring wells 
installed along both roads do not show any evidence of leaching 
to date. These encouraging results suggest the possibility of an 
imminent solution to two problems: how to improve the 
performance of secondary roads and how to properly dispose of 
a waste material. 
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The Use of Paper Mill Sludge To Stabilize 
Sand Roads 
RICHARD B. LIDELL AND JOHN K. BOWMAN 

A method of stabilizing loose-sand road surfaces with paper 
mill sludge in aggregate-deficient areas has been developed. 
Select roads in the Chequamegon National Forest have been 
treated with paper mill sludge from the James River Corporation 
(formerly American Can Company) since 1977. These roads 
were constructed in vast areas of glacial outwash sands that 
consisted mostly of one-sized particles. Aggregate is greatly 
needed in these large areas and must be imported at a high cost. 
The sludge is a waste product of a paper recycling process, is 
available free of charge, and is an effective stabilizing agent. The 
clays and wood fibers in the sludge give the sand cohesive 
properties and fill the voids that result from the sand's uniform 
gradation. The characteristics of the sand-sludge mixture, its 
application and incorporation, the performance of roads 
treated, and its use in conjunction with gravel are discussed in 
this paper. When the sludge is mixed with sand, it forms a stable 
all-weather road, reduces substantial erosion problems, and 
lessens the amount of sludge that needs to be landfilled. 

INTRODUCTION 

A method of stabilizing loose-sand road surfaces with paper 
mill sludge has been found to be more cost-effective than 
aggregate in areas of low-volume, low-standard roads. It has 
been demonstrated, through an extensive monitoring program, 
that this is an environmentally acceptable method of using 
waste material instead of gravel. 

Select roads in the Washburn Ranger District of the 
Chequamegon National Forest have been treated since 1977 
with sludge from a paper recycling mill in Ashland, Wisconsin. 
These roads were constructed in vast areas of glacial outwash 
sands that consisted mostly of one-sized particles; the remaining 
particles were fine. The aggregate that is used to stabilize 
surfaces is not readily available and must be imported at a high 
cost. The sludge is a waste product of the paper recycling 
process, is available free of charge, and is an effective stabilizing 
agent. The wood fibers and clays contained in the sludge fill the 
voids in the uniformly graded sand and allow the sand particles 
to maintain grain-to-grain contact. With a proper sand-sludge 
mixture, these loose-sand road surfaces could become reason
ably stable running surfaces under both wet and dry conditions. 

BACKGROUND 

In the paper recycling process, food-grade board that is 
misstamped, miscut, misprinted, or is otherwise unsuitable is 

USDA Forest Service, Chequamegon National Forest, l 170 South 4th 
Avenue, Park Falls, Wisc. 54552. 

hauled to the mill in large bales called broke. The broke is 
ground up and mixed with hot water and caustic agents to form 
a slurry that is passed through a series of sieves to separate the 
polyethylene coating and the long wood fibers that are used for 
pulp in the paper-making process. The sludge waste product 
consists of short wood fibers, mineral filler (clay), dyes, inks, 
and other coatings. 

Before 1977, low-volume roads in glacial outwash sand areas 
were stabilized by pulling as much leaf litter and topsoil as 
possible onto the road and mixing it with the sand . The running 
surface eventually became a stable all-weather surface that 
created little dust and required less maintenance than normal 
on lightly travelled roads. However, problems were created by 
the use of this method of stabilization. Topsoil and leaf litter 
were frequently not within reach of road graders because of the 
large cul and fill slopes that existed along these roads. 
Stabilization was further hindered by the presence of brush and 
trees along the roadside. The greatest problems were the erosion 
that the removal of vegetation caused and the heavy Jogging 
traffic that rendered this treatment ineffective. The removal of 
vegetation exposed bare sand that quickly eroded and led to 
washouts in the road, unsightly trenches in the cut and fill 
slopes, sand-filled ditches, and some wide, unsightly road 
sections. Furthermore, it can take more than 20 years to grow 
vegetation in the nutrient-deficient sand. 

The replacement of leaf litter and topsoil with paper mill 
sludge in the road stabilization technique just described has 
proven to be effective. 

PROPERTIES OF MATERIALS 

Laboratory tests of the sludge material as a road stabilizer were 
performed by the University of Minnesota and Lakehead 
Testing Laboratory of Duluth, Minnesota. The University of 
Minnesota commenced a study on October 25, 1976, to 
investigate the use of paper mill sludge as a stabilizer on many 
miles of low-standard, low-volume, loose-sand road surfaces 
(J). The purpose of the study by Lakehead Testing Laboratory 
was to determine the lasting effect of the sludge after a few years 
and compare it to its initial application (2). 

One of the first tests performed by both laboratories was a 
mechanical sieve analysis . The gradation results showed that 
this outwashed sand was uniltirmly graded, which can be seen 
on the grain distribution graph shown in Figure 1. The six "raw 
sand" samples tested had a uniformity coefficient (Cu) of 
around 2.6. Soils with uniformity coefficients of less than 4 are 
classified as uniform, which is indicated by the steepness of the 
grain distribution curve (3) . Uniformly graded sand has few fine 
particles that can fill the voids between larger particles, which 
results in a loose, unstable surface. The dry sand behaves like a 
surface made of ball bearings instead of a well-consolidated, 
interlocking material. The sludge was used to fill the void 
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between sand particles with wood fibers and clays, which 
allowed the sand particles to maintain grain-to-grain contact. 
The sludge also added cohesion to the sand and gave it some 
elasticity . Normally, under wet conditions, sand assumes some 
cohesive properties from the water's surface tension. Water and 
air bond the particles together and make the sand more stable. 

Dry density versus moisture content relationships were 
plotted according to ASTM specifications D 1557-78, Method 
B, and Dl557-64T (T-180 tests) (1, 2). The optimum moisture 
content and density were determined from these curves. For a 
mixture of 5 percent dry matter by weight, which was recom
mended by both laboratories for the sand-sludge mixture, the 
density was 113.5 pcf and the optimum moisture content was 
14.5 percent. The dry density of the mixture, which was at 119.0 
pcf, was slightly lower than that of raw sand, and the moisture 
content, 14.9 percent, was slightly higher. The slightly lower 
density of the sand-sludge mixture has had little effect on the 
performance of the road. 

The California Bearing Ratio (CBR) test was also conducted 
on the sand-sludge mixture by both laboratories (1, 2). The 
CBR test measures the load required for a standard-size plunger 
to penetrate a soil sample at a specified rate, which is expressed 
as a percentage of the load required to penetrate a standard 
material. The CBR test was done to provide the relative bearing 
value of base, sub base, and sub grade materials. The Wisconsin 
Department of Natural Resources (WDNR) also asked that 
CBR tests of the surface material be performed (4). 

CBR tests were performed by both laboratories, without 
soaking the material, to approximate road conditions in 
summer, when roads are most unstable. Both the University of 
Minnesota and Lakehead Testing Laboratory found a general 
increase in CBR with small application rates of sludge (1, 2), 
which may have resulted from small increases in shear resistance 
or increases in the cohesion of the soil. 

Lakehead Testing Laboratory performed CBR tests on four 
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samples at three molding densities approaching 90, 95, and I 00 
percent (2) . Each sample had a different amount of organic 
matter content, ranging from 0 percent for raw sand, and 1.2 
percent, 4 percent, and 17 percent for the other samples. The 
first three of these samples are plotted as CBR versus penetra
tion, as shown in Figures 2, 3, and 4. Raw sand with no organic 
material or sludge added to it is shown in Figure 2. When sand 
is penetrated more than .2 in, the CBR rapidly drops off due to 
failure . However, when organic matter, or sludge, is added, the 
CBR increases at a penetration greater than .2 in, as shown in 
the graphs of Figures 3 and 4. This indicates that after failure 
the sand will break away whereas the sludge will still give 
support. This can be related directly to the case of a vehicle tire 
passing over the two materials. When the sand fails, the tire 
sinks and l.oses traction and control. When the sludge fails, it 
will still support the tire and allow it to pass over. The CBR 
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increases tremendously with increased compaction, as shown in 
the graphs in Figures 3 and 4. The greater the compaction, the 
greater the surface strength of the road. The level of compaction 
is limited to the compaction equipment available. 

APPLICATION AND INCORPORATION OF 
CONSTRUCTION PROCEDURES 

Forest Road 241 

Forest Road (FR) 241 was the first site in which the use of 
sludge to stabilize sand pockets was tested . Experiments were 
performed on different sand-sludge mixtures and two different 
application and incorporation procedures were tested. 

The first procedure required the use of a bulldozer, grader, 
and rubber-tired roller. The sand and sludge were mixed as well 
as possible with a blade and the mixture was then windrowed 
along the side of the road . A portion of the windrow was spread 
across the roadway in a thin layer and compacted with the 
rubber-tired roller. This thin layer was then moved to the other 
side of the road and the procedure was repeated until the 
windrow was gone. The entire windrow was spread across the 
roadway, shaped, and compacted. 

The second procedure required the use of a bulldozer, grader, 
rubber-tired roller, and rotary mixer. The sand and sludge were 
mixed by blading as well as possible and windrowed down the 
center of the road. A pass was made with the rotary mixer and 
the mixture was rewindrowed . This procedure was repeated 
three more times. The windrow was then spread across the 
roadway, and shaped and compacted with the rubber-tired 
roller. 

Forest Roads 245, 434, 431, and 251 

The sludge was hauled directly from the mill to the national 
forest road, where it was applied. The average I-day accumula
tion of sludge at the plant was between 85 and 100 yd 3. 
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The sludge was dumped in piles between predetermined 
points, depending on the road width and depth of mixture. A 
D-5 bulldozer was used to spread the piles as evenly as possible 
over the entire width of road. After the sludge was spread 
between the predetermined points, it was mixed with the sand 
by a 10-ft Rhino agricultural disk. The disk was pulled back and 
forth over the road surface about I 2 times to evenly spread the 
sand-sludge mixture across the road. The surface was then 
compacted by a rubber-tired roller that was filled with 1.5 yds of 
sand and pulled by the bulldozer over the surface in the same 
pattern as the disk to compact the surface as much as possible. 
After the mixture dried, a grader was run over it, which lightly 
turned the material over, exposed it to air, and crowned the 
surface to ensure good drainage. All of the equipment work was 
accomplished with one bulldozer and one operator. 

Forest Road 419 

The installation of a new sludge press at the plant increased the 
average I-day accumulation of sludge to between 75 and 100 
yd3. 

The sludge was once again dumped in piles between predeter
mined points to obtain the required mixture. A JD 740A 
skidder was used to spread the piles evenly over the entire width 
of road. The 10-ft Rhino agricultural disk mixed the sludge and 
pulled it up and down the road surface about eight times to 
obtain a good sand-sludge mixture. A Champion 715R grader 
shaped and crowned the road surface before it was compacted. 
Instead of pulling the rubber-tired roller to compact the road 
surface, the skidder and grader ran up and down the section 
approximately IO times , and compacted the sludge with their 
tires. The road was passed over one final time with the grader 
just before the project was finished to ensure proper drainage. 
See Table I for information on application rates and sluqge 
characteristics . 

PERFORMANCE EVALUATION OF PROJECTS 

Forest Road 241 

Forest Road 241 is a collector road with a fair amount of heavy 
logging traffic. In I 977 it was selected to be the first road to be 
treated with sludge because of its numerous sand pockets and 
erosion problems. The road was divided into six test sites, each 
1,000 ft long. The three dry matter percentages and the two 
incorporation procedures are as follows : 

3, 5, and 7 percent dry matter-blade and roller mixed, and 
3, 5, and 7 percent dry matter-rotary mixed (5). 

The spread rate was figured for a 3-in depth on a wet unit 
weight basis. The optimum moisture content and maximum dry 
density were calculated for each percentage of dry matter and 
found to be as follows (5): 

3 percent dry matter: 14.5 percent-I 16 pcf, 
5 percent dry matter: 14.0percent- I13 .5 pcf, and 
7 percent dry matter: 13.5 percent- 115 pcf. 

After the material was mixed, it was compacted with a 
rubber-tired roller with high tire pressures. Compactions close 
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TABLE I SLUDGE APPLICATION CHARACTERISTICS 

Layer depth of sludge 
Dry weight per linear ft of sludge 
Rate of spread 
Moisture content 
Wet unit weight of sludge 
Dry unit weight of sludge 
Sand-sludge mixture dry matter (weight) 
Maximum density of mixture (T-180) 
5 percent dry matter 

to I 00 percent (AASHTO-T 180) resulted (5). Observations did 
not indicate a noticeable difference between the three mixtures; 
they all performed well. 

A sample from FR 241 was tested by Lakehead Testing 
Laboratory and found to have a CBR at 100 percent compaction 
of 28 compared to 19 for the raw sand, and between 30 and 50 
for crushed aggregate. The density of the sand-sludge mixture 
was also higher at 114.6 pcfthan the sand, which was at a level 
of 108.0 pcf. The optimum moisture content of the mixture was 
9. 7 percent, compared to 11.6 for the raw sand (5). This 
indicated that the material had a high density and a low 
moisture content, and would perform better than normal 
surfaces in dry weather, when sand pockets would normally 
occur. 

The sludge mixture appears to have decomposed somewhat 
since 1977, which has actually benefitted the road because the 
finer organic material that resulted during decomposition filled 
the sand voids and bound the sand particles much the same way 
as the clay and leaf litter did. The surface is still well compacted 
in these areas . 

Maintenance operations on these sandy roads used to consist 
mainly of blading them two or three times a year. Since sludge 
was added to the roads, blading has been reduced to one or two 
ti mes a year. Forest Road 241 has held up well since 1977. Sand 
pockets occasionally reappear, and are repaired by adding more 
sludge mixture. 

In addition to stabilizing the road surface, the sand-sludge 
mixture considerably reduced erosion of the ditches and the 
amount of sand that collects at the bases of h;\ls along the road. 

Forest Road 419 

Forest Road 419, which was treated in 1985, was the first road 
to use the drier sludge from the sludge press installed in 1983 by 
James River Corporation. The moisture content was reduced 
almost by half from 400 percent to approximately 230 percent. 
Trucks can now haul both ways over the freshly treated road 
and it will be open to through traffic as soon as the project is 
completed. 

The road held up well until about 7 to 10 in ofrain fell on the 
road in one day in September of 1986. From then through late 
fall, the road was saturated and rutted . This may have been a 
result of the way the road was compacted. A rubber-tired roller 
was formerly used to compact the sand-sludge mixture. The 
road material was so dry in 1986 that it was compacted with the 
grader and skidder tires instead. As a result, the crown may not 
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have shed the water as it had in the past and the level of 
compaction needed may not have been obtained. 

During the spring of 1986, the road was soft until the middle 
of May. It appeared that further compaction by the rubber
tired roller and further decomposition of the sludge particles 
would improve the running surface of the road. 

Forest Road 245 

Forest Road 245 is a collector road with medium to heavy 
traffic, depending on the number of active timber sales in the 
area. The stretch between FR 236 and FR 431 was chosen to be 
treated because it had many sand pockets. Erosion was also a 
problem because of the road's many curves and steep slopes. 

In 1983, FR 245 was treated with approximately 2,400 yds3 of 
sludge. The application and incorporation were done between 
the last 2 weeks of June and the first 2 weeks in July, unlike past 
applications, which were done in the late fall. This period was 
chosen in order to speed the set-up time during the dry months 
of July and August. An 8-mi stretch of FR 245 had intermittent 
treatments on surface distances that totalled about 2.7 mi. The 
road was opened to light summer traffic about 2 weeks after the 
treatment. The fall rains saturated the treated sections, which 
became extremely rutted by four-wheel-drive vehicles during 
hunting season. In the spring of 1984, the road was graded and 
opened to all traffic. The sand-sludge mixture has since become 
a stable running surface. 

A couple of problem areas have developed since the treatment. 
The first problem is at the bottom of the hills, where drainage is 
poor. The clay in the sludge seals off the surface, which causes 
standing water and rutted areas. These areas now are either 
avoided or drainage ditches are constructed to move the 
standing water away from the road. The other problem occurs 
during the breakup period when the frost comes out of the 
ground. During the spring of 1986, two timber sales were hauled 
out the west 2 mi of FR 245. Timber continued to be hauled over 
the road right through spring breakup. There were many areas 
where ruts were 2 ft deep and the tractor trailer had to be pulled 
through with a skidder. These sections were bladed and set up 
again by the middle of June. Just like any gravel and heavy soil 
roads, the sand-sludge roads must be posted for light traffic 
only during spring breakup. 

In the fall of 1984, about 2 in of crushed aggregate was 
applied to a number of sites on FR 245 that were treated with 
sludge the year before. The sites that were treated were in some 
of the worst sand pocket areas to give the combination of 
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sand-sludge and aggregate a worst-case test. Areas with steep 
slopes and poor drainage were also prime sites for the test. The 
sludge-aggregate combination was used to separate the aggre
gate from the sand, to add support, and to bind the aggregate 
onto the surface. This procedure has proved to create a stronger 
running surface that holds together better, and reduces wash
board and rutted areas. The aggregate alone tends to be 
pounded into the sand. Use of the sludge-aggregate mixture 
reduced the costs of using aggregate alone and increased the life 
of the road and further reduced maintenance costs. This 
procedure could prove to be an effective method of stabilizing 
heavily travelled loose-sand roads. 

The aggregate surface worked well in lower areas that had 
water problems. 

Forest Road 434 

Forest Road 434 is a collector road that experiences inter
mittent heavy traffic when sales are being made in the immediate 
area. The sludge mixture was applied to FR 434 during a rainy 
period in October 1982; the road surface was so saturated that 
traffic was detoured until the following spring. That next 
spring, the sludge dried out and set up with the result that FR 
434, which had been impossible to drive on before the sludge 
was applied, became the main haul road for logging trucks in 
that area. This particular road had sand pockets up an 8-percent 
grade for about 500 ft. During heavy rains, this hill eroded 
considerably, which left trenches down the road and large 
deposits of sand at the base of the hill. Before the sludge was 
appljed, a four-wheel-drive truck was the only vehicle that 
could make the grade. After the sludge set up, semi-trucks 
loaded with logs drove up the hill with no problems. The roads 
treated with sludge have taken about 6 months to a year to set 
up before heavy trucks and traffic could travel them easily. 
Traffic would have been allowed before this time, but some 
rutting would have occurred during wet periods. 

After FR 434 was treated in the fall of 1982, a sample of it was 
tested by Lakehead Testing Laboratory. The CBR was quite 
low because of the abnormally high concentration of sludge. 
The sludge sample was taken from the intersection of Forest 
Roads 252 and 434, where two extra loads were dumped 
because of a miscommunication between the Forest Service and 
the truck driver. An attempt was made to spread it out, which 
resulted in abnormally high concentrations of sludge of around 
17.8 percent. This problem was later resolved by staking 
predetermined dumping points at the treatment sites ahead of 
time. Recent observations have shown no difference in per
formance as a result of the higher concentrations of old sludge; 
however, during wet periods, this area is greasy. 

The sludge has held up well on this road. The long grade is 
firm and the substantial erosion problems encountered before 
the treatment have been eliminated. 

Forest Roads 431 and 251 

A few areas in these two roads were stabilized with sludge and 
have since performed well. Water has been trapped in a number 
of low spots on FR 431 in the past; however, most of these areas 
have been drained by removing the berm on the shoulder of the 
road. A few sand pockets have reappeared, but they have been 
repaired by blading them every year. 
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ECONOMIC ANALYSIS 

Seventy-six percent of the main roads in the Washburn Ranger 
District are unsurfaced, compared to 45 percent of the roads in, 
the other districts. These unsurfaced roads are mainly loose
sand roads that have very unstable surfaces. The reason such a 
high percentage of sand-surfaced roads exists is that aggregate 
is seriously Jacking in this glacially outwashed area. The nearest 
aggregate sources are between 14 and 45 miles away, which 
increases the cost to haul aggregate to between $5 and $12 per 
yd 3, which does not include the crushing, loading, or application 
costs. In this area, crushed aggregate roads 3 inches in depth 
cost an average of $13,400 per mile to surface because of the 
Jong haul distance (about 30 miles). 

1985 Project 

In 1985, 1.3 mi of FR 419 was stabilized with sludge for a cost of 
$2,000. The cost per mile was roughly $1,500, compared to 
$4,500 for previous years and $13,400 for crushed aggregate. 
The reduction in cost was due to the fact that the total haul cost 
was paid by the paper mill; a 50 percent reduction in the road 
surface's moisture content, which allowed the net truckload to 
increase; and new incorporation and compaction procedures 
and equipment. 

In 1985, the sludge was available free of charge, as it was in 
the past. However, the mill paid for the total haul cost, which 
saved the Chequamegon National Forest between$2 and $5 per 
yd3. 

The maneuverability of the equipment has improved tre
mendously because of the reduction in moisture content. Dump 
trucks could not haul over the sludge at all in the past. Now, 
trucks can drive over the sludge before it is incorporated into 
the road surface. The grader is also able to help spread and 
shape the sludge, whereas in the past it could not get near the 
site until it had a week or two to set up. The incorporation and 
compaction procedures and equipment have also been changed. 

In previous years, a D-5 bulldozer was used to pull the disk. 
The bulldozer has since been replaced by a JD-704A skidder, 
which is easier to maneuver and much faster. In the past, the 
bulldozer pulled a 14-tire roller loaded with sand to compact the 
road surface. In 1986, the road was compacted by running the 
tires of the skidder and grader up and down the road. The 
reduction in compaction has affected the running surface, 
which has necessitated that it be compacted once again with the 
14-tire roller. This will slightly increase the cost. 

SUMMARY AND CONCLUSION 

The method of stabilizing sand roads with paper mill sludge has 
proven to be a substantial development in the improvement of 
road surfaces in these aggregate-deficient areas. It uses a waste 
product that had been previously disposed of in a landfill as a 
beneficial stabilizing agent in loose-sand roads. 

When the sand is stabilized with sludge, it assumes cohesive 
properties and performs better during summer weather condi
tions. In addition to stabilizing the road surface for vehicle 
traffic, the sludge has nearly eliminated the many erosion 
problems that plagued the area. 

However, there are some limitations to this approach. As 
with other surfacing materials, certain areas should be avoided 
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and use should be limited to certain times. Use of sludge should 
be avoided in low areas with poor drainage. Road use should 
also be limited to light traffic only during the fall after 
application, during heavy rains, and during spring breakup 
when the frost is coming out of the ground. 

Over the past 10 years, an effort has been made to improve 
the application and incorporation process, and also reduce 
costs. The costs of using the sludge have since been reduced 
from $4,500 per mile to between $1,500 and $2,000 per mile. 
This is a substantial savings when compared to the cost of using 
crushed aggregate at $13,400 per mile. 

Aggregate will continue to be used on heavily travelled 
arterial and collector roads because it gives more support and 
has a stronger wearing surface than that of the sludge. The 
sludge will be used primarily on lower-volume collector and 
local roads with the exception of use of the sludge-aggregate 
combination on some higher-volume collector and arterial 
roads. The combination could prove to work well on heavily 
travelled arterial and collector roads by reducing costs through 
the use of less aggregate, increasing the life of the road, and 
reducing maintenance. 

RECOMMENDATIONS 

Stabilization of sand roads with paper mill sludge under the 
conditions just mentioned is cost-effective, but its use is not 
meant to replace that of aggregate totally. Aggregate is the 
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preferred surface material and would be used almost exclusively, 
with exceptions, if the aggregate was within an economic 
hauling distance. However, because of budget reductions, 
limited aggregate sources, and long haul distances, the use of 
the sludge mixture is a viable stabilization technique. 

Sludge is used on lower-standard collector and local roads, 
and aggregate is used on the heavily travelled arterial and 
collector roads. A decision has to be made on whether to use 
sludge or aggregate on the collector roads, which depends on 
the amount of traffic and the funrls available. 
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Evaluation of Emulsified, Asphalt-Treated 
Sand for Low-Volume Roads and Road Bases 
H. AL-ABDULWAHHAB, FOUAD BAYOMY, AND A. AL-HALHOULI 

The objective of this study was to evaluate, in the laboratory, 
the feasibility of using blends of dune sand-crusher fines that 
were stabilized with CSS-lh emulsified asphalt in the construc
tion of low-volume roads in the Kingdom of Saudi Arabia. 
Marshall stability, water sensitivity, split tensile strength, 
resilient modulus, fatigue life, and rutting tests were conducted 
on cured Marshall specimens. Factorial design was used in this 
study in which crusher fines percentages were varied between 0 
percent and 50 percent of the total aggregate weight and the 
Portland cement content was varied between 0 percent and 3 
percent of dry aggregate weight. Results indicatfll that dune 
sand mix properties were drastically changed by the inclusion of 
crusher fines in the mix. The stability, resilient modulus, 
fatigue, and rutting characteristics of such mixes were improved 
significantly. Thickness design charts were developed for the 
designed mixes, which proved to be suitable for use in hot, arid 
areas. Pavement thickness was significantly reduced when 
crusher fines, cement, and dune sand blends were treated with 
emulsified asphalt. 

INTRODUCTION 

In many of the arid and semi-arid countries of the world, such as 
the Kingdom of Saudi Arabia, treated dune sand is a potential 
source of road building material. This is particularly significant 
in areas that lack good quality aggregate because the cost of 
importing aggregate is high. The small amount of good quality 
aggregate that does exist is used for other construction purposes, 
which is a prime concern in an area in which low-volume roads 
carry up to 2,400 vpd . 

The Kingdom of Saudi Arabia has nearly completed the 
construction of main highways and expressways that join main 
city centers. However, a large number of settlements and 
agricultural land remain to be connected to the main highways 
by rural or agricultural roads. The Kingdom has already 
constructed about 42,000 km of agricultural roads, and about 
32,000 km are expected to be constructed in the current 5-year 
plan, which was started in 1986. Most of the existing low
volume roads are dirt tracks that are hazardous and require 
continuous maintenance. The construction of an asphalt 
concrete layer wa~ suggested to improve and upgrade the 
quality of these roads. Because a high percentage of these roads 
run through dune sand areas, the use of conventional mixes 
would be very expensive. Attempts should be made to use the 
locally available sands and emulsified asphalts for such road 
construction. 

The objective of this research was to evaluate the feasibility of 

Civil Engineering Department, King Fahd University 9f Petroleum and 
Minerals, Dha hra n 31261, Saudi Arabia. 

using locally available dune sand that is blended with various 
percentages of crusher fines and cement content and treated 
with CSS-1 h emulsified asphalt to construct low-volume roads. 

RESEARCH APPROACH 

An approach was adopted to select different combinations of 
mixes, optimize the design of these mixes, and evaluate their 
performance through laboratory tests. The evaluation process 
was entirely experimental. The design parameters needed for 
thickness design were evaluated and then incorporated into a 
computer-aided design program to develop design charts for 
the selected mix combinations. The research approach and 
testing program are outlined in Figure l. 

Des igna t ed Mixes** 

~.ix Design Discontinue 
Optimi ZBtion No From 
Using Modified Further 
Illinois Method Testing 

Repeated load Diametral 
Testing: Modulus of 
Resilience, Fatigue, and 
Rutting 

Split Tensile Strength 

Establish Design Data of 
Fatigue, rutting and modulus 
of resilience for 
thickness design charts 

Thickness design charts 
for full depth EAM mixes 
and for EAM road base. 

**Designo ted Mixes 

Cement Crusher Fines % of Total 
A •o. Orv Weioht 

Content % 
25 50 0 

o.o A-0 B-0 c-o 
1.5 A-1.5 B-1.5 C-1.S 
3.0 A-3 B-3 c-3 

FIGURE I Research approach and designated mixes. 
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MATERIALS 

Aggregate 

Two types of aggregates were selected for this study: dune sand 
and crusher fines (CF). These materials were selected on the 
basis of their availability in abundant quantities at low cost. 
Dune sand was collected from the Dhahran area. The dune sand 
is uniformly graded and has a hard, smooth surface. Emulsified 
asphalt may not have adequately stabilized the sand; it was 
therefore blended with crusher fines (J, 2). 

The crusher fines were also collected from the Dhahran area. 
Crusher fines, which are a by-product of aggregate crushing, are 
produced in large quantities because of the weak nature of the 
limestone in the Kingdom. This material is produced in greater 
quantities than are needed, which creates a disposal problem 
because it needs to be transported to dumping areas. 

Three different percentages of crusher fines were blended 
with sand: 0, 25, and 50 percent of crusher fines by total weight 
of the combined dry aggregates. These blends are hereafter 
designated as blends A, B, and C, respectively. The selection of 
percentages was based on the available gradation of dune sand. 
The gradations are shown in Figure 2. 

Based on the literature, three levels of cement percentages 
were selected to be added to the blends: 0.0, 1.5, and 3.0 percent 
of dry aggregate weight of CF/sand blend (J-4). In the mix 
designation, the percentage of cement appears after the blend 
type. For example, if 50 percent crusher fines (Blend C) were 
used in the mix preparation and 3 percent of cement was added, 
the mix is abbreviated as EAM-C-3, in which EAM stands for 
emulsified asphalt mixture. 

Emulsified Asphalt 

Cationic, slow-setting emulsified asphalt (CSS-lh), which is 
produced locally for sand stabilization, was used in this study. 
Various tests were performed to evaluate the selected emulsified 
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TABLE 1 EMULSIFIED ASPHALT TEST RESULTS, WITH 
THE ASTM 02397 SPECIFICATIONS 

ASTM Specifications 
Test Results 

Minimum Maximum 

Viscosity at 77° F 23 20 100 
Storage stability (%) 1.9 I 
Sieve test (%) 0.1 0.1 
Residue(%) 59 57 
Penetration for 

residue at 77° F 46 40 90 
Cement mixing test (%) 0.9 2 

asphalt, and the results are shown in Table l. The test results 
were compared to ASTM specifications D-2397. Results of the 
comparison indicated that the selected emulsified asphalt was 
within the specified limits with the exception of the stability test, 
which yielded a value of 1.9 percent against a recommended 
maximum of I percent. This emulsion should not be stored for a 
long time to avoid settlement. The emulsified asphalt was stored 
in closed, 3-litre containers and was shaken continuously to 
ensure uniformity. 

MIX DESIGN OPTIMIZATION 

The modified Illinois method was adopted for the design of 
emulsified asphalt mixtures (EA Ms) (5). A Marshall compactor 
was used to prepare specimens, which were compacted with 75 
blows on each side. To achieve the optimum proportion forthe 
mix, the following points were followed for each mixture 
design: 

• Determination of optimum premixing water required to 
wet aggregate surface, 

Blend A 

Blend B 

Blend C 

Crusher fines 

FIGURE 2 Gradation of aggregates evaluated (ASTM C-136). 
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• Determination of optimum total fluids that would produce 
maximum stability when varying the emulsified asphalt content 
and fixing premixing water, and 

• Determination of asphalt residue required to achieve 
optimum properties when total water content is fixed. 

This procedure was used to design the nine mixes considered. 
Portland cement was added after water but prior to the 
emulsified asphalt. Mixes were then compacted and cured in an 
oven for 12 hrs at 100° F inside the mold, and cured outside the 
mold for 12 more hrs. Finally, the specimens were vacuum
desiccated at 3.9 in/ Hg for 48 hrs to accelerate curing and to 
eliminate any aging effect on the specimens. 

Five specimens were prepared for each given set of variables. 
Three specimens were tested for Marshall stability and two were 
subjected to vacuum soaking to test for water sensitivity. A mix 
was accepted if it met the following criteria: 

• Maximum stability (should not be less than 500 lbs), 
• Minimum stability loss (retained stability index should 

not be less than 50 percent), and 
• Good aggregate coating (more than 50 percent). 

If any mix failed to meet these conditions, it was rejected. 
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A presentation of the optimization results for the nine mixes 
would be lengthy." A typical mix design result for mix EAM-C-
1.5 is shown in Figure 3. The effects of the variation of crusher 
fines and the Portland cement content on the stability and water 
sensitivity of the mixes are shown in Figures 4 and 5. 

The results of mix design optimization were analyzed and are 
summarized in Table 2, which identifies the parameters of each 
mix design. It has been observed that, although mix stability 
increased with an increase in the percentage of crusher fines, the 
water damage effect increased. However, this negative effect 
retarded as the cement content increased. For instance, the 
retained stability for mix type A (no crusher fines) was 60, 70, 
and 68.60 percent for 0, 1.5, and 3 percent cement content, 
respectively; the retained stability for mix type C (50 percent 
crusher fines included) was 32.9, 85.2, and 75.5 percent for 0, 
1.5, and 3 percent cement content, respectively. Those mixes 
that showed low retained stability were omitted from further 
testing because they did not satisfy the criteria for water 
sensitivity. 

The results generally indicated that stability tends to increase 
when the Portland cement content is increased or when the 
percentage of crusher fines in the blend is increased (Figure 4). 
The percent-retained stability tends to increase when the 
cement content is increased and to decrease when the crusher 
fines content is increased, as shown in Figure 5. 
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FIGURE 3 Result' of Marshall mix design for EAM-C-1.5. 
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TABLE 2 PROPERTIES OF THE DESIGNED MIXES 

Designated Mix EAM EAM EAM EAM 
A-0 A-1.5 A-3 8-0 

Crusher fines( %) 0.0 o.o 0.0 25 

Cement(%) 0.0 1.5 3.0 0.0 

Dry stability (lb) 2,500 3,000 3,500 4,400 

Soaked stability (lb) 1,500 2,100 2,400 2,300 

Total water(%) 6.69 6.58 6.08 6.58 

Emulsified 
asphalt content (%) 9.00 8.00 7,50 7.50 

Dry density (pcf) 115.20 117. 10 JI 7.60 121.90 

Retained 
stability(%) 60.00 70.00 68.60 

Water absorption(%) 12.20 10.2 10.20 

Total voids(%) 26.60 24.40 24.00 

Coating(%) 95 90 85 

Mix Design Equations 

A series of curves similar to those of Figure 3 was developed 
and used to optimize each mix design. Optimum total water 
content and emulsified asphalt content were determined based 
on the criteria adopted earlier. To simplify the design process of 
blends of dune sand and crusher fines when treated with 
Portland cement, the multilinear regression analysis was carried 
out to fit the relation between total water (TW) and emulsified 
asphalt (EA) content versus crusher fines (CF) and cement (C) 
contents . The analysis resulted in the following two relations: 

TW= 
EA = 

where 

TW= 

EA = 

CF= 
c = 

6.8211 - 0.0066(CF) - 0.2211 (C) ..... .. 
9.0278 - 0.063 (CF) - 0.667 ( C) ..... .. 

( 1) 
(2) 

total water content in percentage of dry aggregate 
weight, 
emulsified asphalt content in percentage of dry aggre
gate weight, 
crusher fines percentage of dry aggregate weight, and 
cement percentage of dry aggregate weight. 

The above equations were fitted with R2 = 0.86 and 0.97, 
respectively. The F-tests were found to be significant at less than 
a 0.05 significance level. The above equations indicate that the 
addition of cement or crusher fines would decrease the total 
water and emulsified asphalt content required to achieve an 
optimum mix. 

LABORATORY EVALUATION OF OPTIMIZED MIXES 

The developed mixes were evaluated by testing their behavior 
under dynamic loading to measure their fatigue and rutting 
susceptibility. A repeated load diametral test was used because 
it is simple and has been reported to be adequate for comparable 
studies (6, 7). Tests for all mixes were run on 4-in-diameter 
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Marshall-size specimens fabricated at the optimum asphalt and 
':Yater.content as shown in Table 2. 

Two groups of tests were made: Group I included static 
testing to determine the indirect tensile strength of the mixes at 
different temperatures. In this group, mixes EAM-8-0 and 
EA M-C-0 were excluded because of their low retained stability. 
Three samples for each mix were prepared and maintained at 
the designated temperature for 2 hrs to ensure all samples had a 
constant temperature . Samples were then tested at a 2 in / min 
stroke rate until failure. The ultimate load was recorded to 
determine the indirect tensile strength. For this test group, three 
temperatures were considered: 77, 104, and 131° F. 

Group 2 included dynamic testing to determine resilient 
modulus, fatigue, and rutting characteristics. In this group of 
test mixes, EAM-A-0, B-0, and C-0 were excluded. The mix 
EAM-A-0 was excluded because of its low split tensile strength, 
as will be explained later in the analysis of Group 1, while 
mixes EAM-B-0 and C-0 were excluded because of their low 
retained stability, as mentioned earlier. Mixes with 1.5 and 3.0 
cement content were continued for dynamic testing. Three 
identical samples were tested at each testing point, as was 
performed for Group I. The procedures for the dynamic, 
repeated load diametral test can be found in the literature (J, 2, 
6, 7). A test was performed on each sample by applying the 
vertical dynamic load and measuring the corresponding 
horizontal elastic strain. The dynamic load was increased until 
the designated initial strain value was obtained. The load was 
then kept constant for about 50 to 100 cycles, after which the 
horizontal elastic strain was measured for modulus of resilience 
calculations. Horizontal strain transducers were then removed 
and aluminum foil was attached to the specimen to disengage 
testing equipment when the specimen fails. The repeated load 
was kept constant and the vertical plastic deformation was 
measured by a vertical L VDT device at a various number of 
load repetitions until failure occurred. For all test samples, the 
following conditions were maintained to obtain uniform results: 

• A static load of I 0 lbs was applied to prevent a hammering 
action and to hold the specimen in place. 
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• The dynamic repeated load was a sinusoidal of I Hz 
frequency and a load period of 0.1 sec. 

• The test temperature was kept constant at 104° F, which 
was found to be the most prevailing temperature during the 
summer in Saudi Arabia (J, 2). 

• The load applied varied for each mix depending on the 
ultimate tensile strength. For all cases, the load range was 
between 0.1 and 0.4, which was the ultimate load at failure in the 
split load test. At least three levels of load were considered in the 
development of the fatigue curves. However, the tests were 
performed under constant load control. The load was adjusted 
to reach a predesignated initial tensile strain value. The range of 
the initial tensile strain was 20-100 X 10-6 in/ in. 

• Resilient modulus, fatigue life, and permanent deforma
tion (rutting) were simultaneously evaluated for each tested 
sample. 

PRESENTATION AND ANALYSIS OF RESULTS 

Group 1: Split Tensile Test Results 

In this test, the split tensile strength was evaluated at each 
temperature by the following equation: 

S 1 = 2 P maxi 1T • t • d (3) 

where 

S
1 

= split tensile strength (psi), 
P max = the maximum load at failure (lbs), and 
t, d = sample thickness and diameter respectively (in). 

For each mix, the average S1 value for each set of three 
samples at each designated temperature was calculated. The 
results for all mixes are presented in Figure 6. It is shown that 
strength decreased as the temperature increased. All mixes 
behaved similarly in that aspect. A dune sand mix without any 
improvement of crusher fines or cement (curve A-0) had very 
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FIGURE 6 Split tensile streni:th for EAM types at different 
temperatures. 
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weak strength. The strength was improved by adding cement 
(curves A-1.5 and A-3). 

Mixes with 25 and 50 percent crusher fines (Band C mixes) 
had greater strength. The addition of cement similarly improved 
the sttength significantly. Split tensile strength was generally 
greatly improved by the addition of crusher fines and Portland 
cement, especially at a high temperature. It is noted that at low 
temperatures (77° F), mix B-3 behaved similarly to mix C-1.5; 
that is, adding 25 percent crusher fines and 3 percent cement 
was almost equivalent to adding 50 percent crusher fines and 1.5 
percent cement. However, this was not verified at higher 
temperatures. Pure dune sand mixes (A-0) had very weak 
strength and were therefore not tested further. 

Grnup 2: Dynamic Test Results 

Resilient Modulus 

The modulus of resilience M, for each mix was evaluated at 
three initial tensile strain levels. The initial tensile strain value 
was calculated by the following equation: 

r
1 

= (l:!..h) X 0.52 (4) 

and M, vaiues were calculated by the following equation: 

M, = P(µ + 0.2734)/ t • l:!..h (5) 

where 

r 1 = horizontal elastic strain, 
l:!..h = total horizontal elastic deformation (in), 
P = applied dynamic repeated load (lbs), 
µ = Poisson's ratio (0.35), and 

= sample thickness (in). 

Results of M, values for the designated mixes EAM-A-1.5, 
A-3, B-1.5, B-3, C-1.5, and C-3 are presented in Figure 7. 
Values of M,at some selected initial strain values are also listed 
in Table 3. Results indicate that the modulus tends to decrease 
as the initial tensile strain increases for all mixes. Mixes varied 
differently for a selected strain level. For example, at 60 X 
10.{' in/ in initial tensile strain, moduli values were 2, 9, and 
12.5 X 105 psi for mixes EAM-A-1.5, B-1.5, and Ccl.5 , 
respectively. Similarly, for 3 percent cement content, the 
moduli values were 4.2, 11.5, and · 18.5 X 105 psi for mixes 
EAM-A-3, B-3, and C-3, respectively. The effect of cement 
addition on M, is obviously significant, as shown in Figure 7. 
For example, the M, value of mix type A increased from 
2 X 105 to 4.2 X 1 os psi at 60 X 10-6 in/ in initial strain rate 
when the cement content was increased from 1.5 to 3 percent. 

The general conclusion that can be drawn from these results 
is that as the cement content increases, the modulus increases. 
This can be attributed to the increase in stiffness due to the 
cohesive effect of the cement in the mixes. Moduli values also 
increased as the crusher fine content increased. 

Fatigue Life 

Fatigue life was determined by the number ofload repetitions at 
failure for a constant applied load for all designated mixes. The 
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TABLE 3 SUMMARY OF DYNAMIC TEST RESULTS 

Fatigue Test Modulus of Resilience Test Rutting Test 
Designated Fatigue Applied 
Mix Parameter Exponent Stress 

ax 10-3 c (psi) 

EAM-A-1.5 0.925 0.455 14.75 
8.36 

A-3 1.91 0.518 31.49 
30.91 

EAM-B-1.5 0.161 0.113 33.64 
21.00 

B-3 0.170 0.101 35.JO 
33.70 

EAM-C-l.5 0.252 0.138 52.51 
40.12 

C-3 0.182 0.118 94.95 
70.94 

re ults of fat igue life NJwere plotted against the initial strain for 
each test, as shown in F igure 8. A st rai.ght li ne re lation on a log 
to log scale fit the results for each mix. The relationship can be 
presented by the following equation (8): 

where 

NJ = 
El = 
a = 

c = 

number of load repetitions at failure, 
initial tensile strain, 

(6) 

fatigue parameter that is a function of stress level 
applied (which was determined experimentally), 
and 
fatigue exponent (slope of the log NJ - log E 1 
relationship). 

Initial 
Tensile M, x 103 

Strain (psi) Ax 10-3 

E:, x 10-6 in./in. b 

68.8 300 4.21 0.289 
37.1 180 2.37 0.257 
63.5 380 3.36 0.191 
44.5 530 2.74 0.209 
47.6 950 3.90 0.101 
29.1 970 3.80 O.o?l 
57.1 1,130 2.68 0.135 
35.0 1,200 2.62 0.099 
52.9 1,280 3.61 0.057 
37.J 1,420 3.57 0.025 
82.1 1,540 2.81 0.282 
47.6 1,980 1.65 0.117 

An analysis of the results presented in Figure 8 shows that 
the fatigue exponent (c) was smaller for mixes EAM-A than for 
that of EAM-B and C. The exponent for mix A was about 0.5, 
whereas it was 0.12 for mixes Band C. This means that the 
tendency to fracture in the mixes with crusher fines was higher 
than that of dune sand mixes. However, the fatigue life of mixes 
Band C was much greater than that of mix A, which indicates 
that the addition of crusher fines would increase fatigue life as 
long as the induced tensile strain was maintained at a certain 
level. Results show that if the induced elastic strain was greater 
than 100 X 10-6 in/ in, the fatigue life of mixes with crusher 
fines would be shorter than that of mixes with dune sand only. 
The addition of cement significantly improved fatigue charac
teristics. However, when 3 percent cement was added to the mix 
with 50 percent crusher fines (mix C-3), the fatigue life was 
shortened, which can be attributed to the high increase in the 
stiffness of the mix. On the other hand, mix B-3 (25 percent 
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crusher fine and 3 percent cement) behaved similarly to mix 
C-1.5 (50 percent crusher fines and 1.5 percent cement) . This 
result coincided with that of the analysis of resilient modulus. It 
was generally concluded that emulsified asphalt sand mixes 
tended to be stiffer when the content of cement and crusher fines 
was increased. 

Rulling (Permanent Deformation) 

The vertical permanent strain during the repeated load test was 
obtained by measuring the vertical permanent deformation and 
was calculated by the following equation (9): 

Ep = Y T(-0.1185 - µ(0.03896)) / (-0.8954 - µ(0.0156)) (7) 

where 

EP = accumulated vertical strain (in), 
YT = total vertical deformation (in) , and 
µ = Poisson's ratio (0.35) . 

Permanent deformation results were plotted against cor
responding load repetitions. The results were found to fit a 
linear relationship when drawn on a log to log scale, which can 
be represented by the following equation (JO) : 

E = AN6 
p 

where 

A 
b 
N 

= 
= 
::: 

intercept with EP axis (log to log plot), 
slope of the straight line, and 
number of load applications (cycles) . 

Typical test results are presented in Figure 9. The results 
indicate that rutting decreased when cement content or the 
crusher fines percentage were increased , or both . This indicates 
that rutting in a desert-like environment can be controlled, or 
decreased , for sand mixes by adding Portland cement , crusher 
fines (or weathered limestone such as marl}, or lime to the mix. 
It may be possible to achieve a balance between stiffness and 
tenderness by carefully controlling these components. 

DESIGN APPLICATION 

Design charts that were based on these test results were 
prepared for two cases that mig~ be suitable for low-volume 
roads. Case I is for a full-depth EAM cold mix laid directly on 
subgrade and Case 2 is fur an EAM road base overlaid by 2 in 
of hot asphalt concrete mix. Charts were also prepared for three 
types of mixes based on their ability to resist rutting, fatigue, 
and stability loss. The mixes EAM-A-3, EAM-B-3, and EAM
C-1.5 were selected and assigned moduli values of 3.5 X 105, 
J 1 X 105, and 12 X 105, respectively. These values were 
obtained at 70 X 10-6 in/ in initial tensile strain. The sub grade 
was assigned CBR values of 3 to 15 and was assumed to have 
rutting behavior similar to that described by Shell (11). Lab 
fatigue curves in Figure 8 were shifted with a factor of JOO to 
suit field conditions as recommended by a number of researchers 
and were used to predict stabilized layer behavior (12-i5). 
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FIGURE 9 Rutting test results for EAM types. 

Shell's BISAR program was used to calculate critical stresses 
and strains under a standard, 18-kip single axle load (11). 
Fatigue and rutting life were the.n predicted, and the critical 
value was used in the design charts. Typical examples of the 
design charts for each material at 104° Fare shown in Figures I 0 
to 12. It is shown in these charts that an increase in the 
percentage of crusher fines yielded a great decrease in the 
pavement thickness for the same traffic volume. 

CONCLUSIONS 

1. Dune sand treated with emulsified asphalt alone was 
weak and unstable, and did not resist rutting under traffic loads, 
especially in a hot climate. The addition of crusher fines and 
Portland cement improved the mix properties signiticantly. 

2. Two equations were developed to determine the optimum 
emulsified asphalt content for the cold mixes in regard to the 
percentage of crusher fines and cement added. 

3. Thickness design charts were developed using the ob
tained results. The charts show that pavement thickness was 
reduced significantly if modified emulsified asphalt sand mixes 
were used. 

4. The modified sand mixes that were developed have a 
great potential for use in low-volume roads, especially desert 
roads for which dune sands are available and hot asphalt mixes 
are uneconomical. 
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Recent Investigations Into the Use of Plastic 
Laterites as Bases for Bituminous-Surfaced 
Low-Volume Roads 
H. GRACE AND 0. G. TOLL 

' The development of specifications for bases for bituminous
surfaced roads in temperate zones is described in this paper. 
These specifications were developed in the 1920s and 1930s 
when compaction plant was light compared with that available 
today. These specifications have been adopted with limited 
modifications by developing countries in tropical zones for 
low-volume roads. The majority of lateritic gravels do not 
comply with the requirements of these specifications and bases 
of crushed stone or stabilized materials are normally used. A 
description is provided of full-scale, trial ser.tions of road in 
Kenya and Malawi in which plastic lateritic gravel bases were 
used and the test results of site investigations gathered over a 
number of years. These trial sections have performed satis
factorily. A 3-year laboratory study of the Kenya laterite has 
been undertaken at Imperial College London to ascertain the 
reasons for their satisfactory performance. The construction 
procedures used and the relative densities found in the subgrade 
are also described. It is concluded that the satisfactory perform
ance of the plastic laterite bases was a result of their high degree 
of compaction, the grading that resulted in low permeability 
and high stiffness, the construction procedures adopted, and 
the well-drained subgrade. 

H. Grace, Henry Grace and Partners, Garthcliff, South Ridge, St. 
George's Hill , Weybridge, Surrey KTl3 ONF England. D. G. Toll, 
Department of Civil Engineering, Imperial College of Science and 
Technology, Imperial College Road, South Kensington, London SW7 
2AZ England. 

The construction of an all-weather access road is a vital step in 
the evolution of a subsistence economy to a trading economy. 
This evolution is necessary if the standard of living is to be 
raised and would help solve the many problems associated with 
education, health, transportation, and famines. 

A network of all-weather roads ensures that the communities 
in its vicinity can benefit from and contribute to the development 
process through all the seasons of the year. An all-weather road 
network normally requires the provision of a bituminous 
surface, at least on the steeper grades. 

The currently accepted specifications for bases beneath a 
bituminous surface impose limitations on grading, plasticity, 
and bearing capacity. In the majority of cases, the requirements 
of these specifications eliminate the use of locally occurring "as 
dug" materials. Processed materials such as crushed and graded 
stone or stabilized materials are therefore required. Both 
materials are expensive and cost much more than locally 
occurring as-dug materials. 

When an earth or gravel road is upgraded to bituminous 
standards, the provision of the base course with a bituminous 
surface constitutes the greatest proportion of the cost. The 
savings that can be realized by using as-dug, locally occurring 
gravels as base material instead of crushed stone are substantial 
and often amount to between 20 percent and 60 percent of the 
total cost. 

Lateritic gravels are widespread in developing countries. 
These gravels do not generally comply with accepted base 
specifications but they have often been used for economic 
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reasons. In many cases they have performed satisfactorily. 
There are, however, instances in which the use of such materials 
has led to extensive failures that required complete recon
struction, but such occurrences have rarely been reported. 

A discussion is provided in this paper of the development of 
existing base specifications and the results of recent investiga
tions of full-scale trial sections of road in Kenya and Malawi in 
which base materials were used that do not comply with 
currently accepted specifications (referred to hereafter as 
nonstandard materials). The properties of these nonstandard 
materials and the construction procedures that have contributed 
to their successful performance are also described. 

DEVELOPMENT OF CURRENT BASE 
SPECIFIC A TIO NS 

The majority of developing countries have received their 
existing specifications for base materials from the developed 
countries in the early, post-World War II period. Conditions in 
these developed countries, which are usually located in tem
perate zones , are often radically different from those in tropical 
developing countries. 

Temperate zone specifications are designed for areas in which 
prolonged periods of wet, cold, or freezing conditions occur. 
They were developed during the 1920s and 1930s, when the 
principles of compaction were little understood and compac
tion plant was comparatively light and ineffective compa red 
with that available today. 

It is not surprising, therefore, that the developing countries 
have introduced modifications to the original, temperate zone 
specifications. However, funding agencies and government 
departments are naturally reluctant to change standards that 
have produced reliable results over many years. Modifications 
to original specifications have therefore been limited. Never-
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theless, a few countries led others in relaxing specifications for 
low-volume roads. A summary of the main requirements of th~ 
specifications for countries in the tropics is provided in 
Table 1. Relevant sections of Transport and Road Research 
Road Note 31 and the French BCEOM and CEBTP spec
ifications for laterite are given for the sake of comparison 
(BCEOM and CEBTP designate Bureau Central d'Etudes pour 
les Equipements d'Outre Mer and Centre Experimental de 
Recherche et du Batiment et des Travaux Publics, respectively). 

STUDIES OF LATERITIC GRAVELS 

During the last 25 years, numerous studies have been made of 
the properties of lateritic gravels. Townsend, Krinitzsky, and 
Patrick have reviewed the work undertaken on a worldwide 
basis in a recent paper (J). The majority of this work has been 
devoted to laboratory and desk studies. Limited field studies of 
roads using nonstandard base materials have been reported by 
Lundgren (2) . Test or trial sections of road have not generally 
been constructed because of the cost, the time required to 
obtain reliable results, and the fact that results from trial 
sections are valid only for the conditions that exist at the site of 
the trial. Extrapolation of these results to other conditions must 
be made within well-defined limits that account for all relevant 
environmental factors. 

Full-scale trial sections, however, have the following advan
tages , especially when linked to appropriate laboratory studies: 

• They provide a visible demonstration of what works and 
what does not work in the chosen environment. 

• It can be assumed that similar nonstandard materials will 
perform satisfactorily in environmental conditions that are 
equal to or more favorable than those present at the site of the 
full-scale trial section. 

TABLE 1 SPECIFICATIONS FOR BASES FROM VARIOUS COUNTRIES IN TROPICAL 
ZONES(/) 

Country Passing 
or Soaked Liquid Plas ticity 63-µm Remarks 
Organization CBR Limit Index Sieve 

Brazil >60 <40 < 12 5-20 For light traffic 
Cameroons >80 10-25 
Gabon >60 20 
Gambia 20-37 13-22 13-28 
COie d' lvoire >60 5-20 26-40 
Kenya >SO 15 or 20a 
Malawi >85 <30 <6 5- 15 
Mali >50 6-16 
Niger >80 < 12 < 25 
Nigeria >80 <25 < JO 5-15 
Senegal >BO 10-25 20-35 
Uganda 37-48 16-25 19-38 
Zambia >120 <30 < 6 
Road Note 31 >80 <25 6 5-15b 

10-25c 
BCEOM-CEBTP >60 < 15 4-20 For traffic up to 300 vpd 

Note: The CBR values have generally been determined from samples compacted to95 percent of the maximum dry 
density obtained in the British Heavy Compaction (Mod AAS HTO) Test. All tests are performed after soaking for 4 
days. 

3 1n wet nrcos less than 700,000 standn rd axles. 
bMaximum size <if gruvel is I I /2 inches. 
cMaximum size of gravel is 3/8 inches. 



82 

• They have a greater impact on the perspective of those 
responsible for allocating funds than theoretical or laboratory 
studies. 

Further studies of the performance of roads made with 
nonstandard base materials have been made since the Lundgren 
report (2). In 1972 the UNDP commissioned a study to 
investigate why a number of roads in northern Nigeria in which 
nonstandard lateritic gravels were employed as bases had 
performed satisfactorily (3). In 1980 a paper by Grace and 
Erridge described how nonstandard materials had performed 
successfully for 8 years in a number of trial sections of road in 
the tea growing areas of Kenya, and the financial savings that 
resulted from this form of construction (4). 

In 1982 the British Government and the Leverhulme Trust 
allocated funds for a detailed study of selected uiai sections of 
road in Kenya. A 3-yr laboratory study was financed by the 
Science and Engineering Research Council at the Imperial 
College of London to determine the reasons for the successful 
performance of these nonstandard materials. The results of the 
Kenya study were included in a paper by Grace and Toll in 1985 
(5). 

The work in Kenya attracted the interest of the World Bank 
and in 1983 it was decided to include al-km trial section of road 
that used nonstandard laterite instead of crushed stone as part 
of a Malawi Government road contract on the Viphya plateau. 

A description of the recent findings of a supplemental study 
in Kenya and the Malawi trial section follows. 

KENYA AND MALA WI INVESTIGATIONS 

Kenya Site Investigation 

In 1982 investigations were started in Kenya to obtain informa
tion from a number of trial sections of bituminous-surfaced 
low-volume roads constructed in 1973 and 1974 using non
standard laterite as base material. 

The investigations continued from 1982 to 1986 and data 
were collected concerning the trial sections of roads, their 
performance, and the traffic they had carried. Samples were 
simultaneously taken from the trial sections and a 3-yr labora
tory study was undertaken at the Imperial College of Science 
and Technology to determine why the nonstandard materials 
performed satisfactorily. 

A summary of the site investigations shows which results are 
most likely to be of intere.st to those concerned with the design 
and construction of low-volume roads. 

The results from the site in Kenya relate only to one of the 
trial sections, the Mataara-Gatura Road. This road was 
selected because it is the longest trial section studied; half of it 
has a stone base and half has a laterite base. The laterite is 
typical of that found in many areas of Kenya. The road has 
performed satisfactorily with little maintenance for a period of 
over 10 years. 

The significant features of the road are listed in Table 2. The 
most important test results from the 1985 investigation of the 
Mataara-Gatura Road are summarized in Table 3. The es
timated California bearing ratio (CBR) values were calculated 
by using a relationship derived from a large number of 
laboratory tests that were performed on lateritic gravels from 
Kenya and Malawi as part of these investigations. This 
relationship is similar to the relationship obtained by Clegg (6). 
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TABLE 2 SIGNIFICANT FEATURES OF MATAARA
GATURA ROAD 

Item 

Location 
Geographical 
Site topography 

Trial lengths 
Laterite base 
Stone base 

Carriageway width 
Thickness of base 
Construction period 

Base course 
Bituminous seal 

Subgrade 

Rainfall (mean yearly) 
Mean monthly temperature 
Depth to water table 
Source of laterite 

Description 

Eastern slopes of the A bedares 
60 km north of Nairobi 
Ridge or shallow side cut 

6.2 km 
5.7 km 
5m 
150mm 

1973-4 
Mid-1975 
A red residual clay containing 
oxides of iron and alumina 
locally known as red coffee 
soil 
1,980 mm 
15°-20°C 
Over IO m 
Kiunyu Quarry 
5 km northwest of Thika 

Detailed visual inspections were made of the condition of the 
Mataara-Gatura Road in 1982 and 1985 and potholes, areas of 
crazing, edge failure, and patching were observed. 

A comparison of the defects noted in 1982 and 1985 is made 
in Table 4. Negligible maintenance in regard to patching and 
surface drainage has been performed since the road was 
constructed in 1974 and 1975. It can be seen that the laterite 
base has performed marginally better· than the stone base. 

Although there was a greater number of potholes in the 
laterite base than in the stone·base in 1985, the area of potholes 
in the laterite base was less than in the stone base because the 
laterite was less permeable and more cohesive. This restricted 
the tendency for the potholes in the laterite base to enlarge. It 
should be noted that the deterioration that took place in the 3-yr 
period from 1982 to 1985 was greater than the deterioration in 
the 8-yr period from the time of construction to 1982, which 
emphasizes the importance of performing maintenance at the 
appropriate time. 

In March of 1983, 6-day, 12-hr traffic counts and a 3-day axle 
load survey were made on the Mataara-Gatura Road. An 
analysis of the results showed that the average equivalent 
standard axle (ESA) per medium and heavy vehicle was in 
excess of 0.64. An estimate has been prepared on this basis of 
the ESAs carried by the road since its construction until 
December 1986 that assumes traffic has increased by 5 percent 
per year since 1983. This and other traffic data are as follows: 

ESAs since construction 12 yrs ago 
Average daily traffic (ADT) (12 hrs) 
Medium and heavy lorries (percent of ADT) 

100,000 
190 

19 

Arrangements are being made to perform more traffic and 
axle load surveys to provide accurate, up-to-date information. 

Imperial College Laboratory Study of Lateritic Gravel from 
Kenya 

A detailed study was made at Imperial College of the lateritic 
gravel used in th.e construction of the Mataara-Gatura Road. 
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TABLE 3 SUMMARY OF TEST RESULTS OF 1985 INVESTIGATIONS OF THE MATAARA-GATURA ROAD 

Test Results 
Description of Test No. of Remarks 

Tests Maximum Minimum Average 

CBR at 95 percent of maximum 
dry density, British 
Heavy Compaction 
Test after 4 days of 
soaking 

In situ CBR at 
surface of base 
beneath bituminous 
surfacing 

In situ relative 
dry densities (%) 

In situ relative 
moisture content 

Plasticity index 

Percentage passing 
63-µm sieve 

19 96 

40 209 

48 113 

48 1.08 

24 21 

48 37 

21 

47 

97 

0.72 

7 

15 

54 

89 

105 

0.9 

17.6 

28 

CBR values estimated 
from Clegg Impact 
Hammer· Tests 

Clay fraction is 8 percent to 
16 percent of total sample 

Note: In order to approximately convert the relative dry densities to relativedrydensities related to the maximum dry density obtained in the 
British Heavy Compaction Test (modified AAS HO) it is necessary to divide the figures given by 1.05. This adjustment should be made before a 
comparison of the similar results in Table 6. The in situ relative dry density was computed by dividing the in situ dry density by the maximum 
dry density of the BS compaction test and multiplying the result by 100. The in situ relative moisture content was calculated by dividing the in 
situ moisture content by the optimum moisture content of the BS compaction test. 

TABLE 4 COMPARISON OF DEFECTS IN STONE AND 
LATERITE BASES IN 1982 AND 1985, 
MATAARA-GATURA ROAD 

Stone Base Laterite Base 
Item 

1982 1985 1982 1985 

Number of potholes per km 11.26 32.63 l l.60 69.24 
Area of potholes (percent of total area) 0.18 l.04 0.06 0.68 
Area of crazing (percent of total area) 0.54 5.62 None 0.39 
Total area of potholes and crazing 
(percent of total area) 0.72 6.66 0.06 1.07 
Area of edge failures 
(percent of total area) 0.57 1.92 0.17 1.44 

Some of the salient points of the investigation are outlined 
below. For full details of the study, refer to Toll (7). 

The material from Kiunyu, laterite cuirrasse (or hardpan), 
broke down on excavation to a gravel. The percentage of gravel 
that passed the 63-µm sieve was between 15 and 37 percent (see 
Table 3) and the gravel had a clay fraction of 8 percent to 16 
percent. The clay present was a kaolinitic mineral that had a low 
surface activity. Calculated values of activity ranged from 0.65 
to 0.86 (8). The soil did not exhibit excessive shrinkage or 
swelling, which was expected from the small proportion and 
low activity of the clay. 

Although the gravel contained only a small amount of clay, 
studies of the fabric of samples taken from the Mataara-Gatura 
Road show the clay to be widely distributed (9). This indicated 
that the compacted gravel had low permeability, particularly at 
high densities. The permeability values for samples at or near 
full saturation are shown in Figure 1. At a density of94 percent 

(the maximum dry density (MOD) obtained in the BS compac
tion test), the permeability is 3. 7 X 10·7 cm/ sec but perme
ability is reduced significantly as the density is increased. The 
permeability is reduced to 4.5 X 10-8 cm/ sec at 106 percent of 
MOD. Before surfacing in 1975, moisture contents in the base 
of the Mataara-Gatura Road had dropped to about 0.5 of 
British Standard (BS) optimum moisture content (OMC). 
Laboratory determinations of suction-moisture content relation
ships indicated that the in situ suctions at this moisture content 
would be high, exceeding 500 kPa. In this condition, the 
strength and stiffness of the material would be more than 
adequate to carry the traffic loadings. Measurements of a 
nearby road at Gatanga in a similar condition suggest CBR 
values would be of the order of 200 percent. 

The critical period for a road base is when the moisture 
content increases, either because of direct infiltration during a 
wet season or as a result of moisture equalization with time. The 
low permeabilities noted earlier would have restricted infiltra
tion. However, the investigations of the Mataara-Gatura Road 
show that moisture contents have increased from 0.5 of the 
OMC BS compaction in 1975 to just over0.8 in 1982, and have 
reached about 0.9 of the OMC by 1985 (see Table 3). Even so, 
in situ CBR values estimated from Clegg Impact Hammer Tests 
averaged 89 percent, which is roughly twice that of the 4-day 
soaked CBR values (see Table 3). 

Because infiltration tests and suction water content deter
minations show that large reductions in suction can result from 
only small changes in moisture content, the road must be able to 
operate at low suctions. For this reason only tests on saturated 
samples were considered, even though a large part of the study 
has examined the behavior of the material in its unsaturated 
state. Because of its low permeability, a transient wheel load can 
be considered undrained loading. Results of undrained tests 
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FIGURE 1 Permeability-dry density relationship, lateritic gravel, Mataara-Gatura Road. 
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FIGURE 2 Stress-strain curves for lateritic gravel, Mataara-Gatura Road. 

will therefore give an indication of the behavior exhibited in the 
field. 

Undrained tests on saturated samples of compacted lateritic 
gravel that started from low initial effective stresses showed that 
failure was reached at an early stage. However, because the 
material was graded, it exhibited strongly dilatent behavior 
under shear. Under undrained conditions the dilatency is 
suppressed, which causes a decrease in pore water pressure. The 
development of negative pore water pressures allows the sample 
to carry greater stress. The stress-strain curves for two such tests 
on samples of differing density are shown in Figure 2. Both 
samples were consolidated under the same isotropic stress of 
10 kPa. 

Although both tests show that the load carrying capacity 
increased up to very high strains, it was only in a denser sample 
(106 percent of MOD BS compaction) that the response was 
sufficiently stiff to achieve reasonable stress levels at acceptable 
strains. The effect of an increase in stiffness with density can be 
seen in Figure 3. In order to compare tests at different 
confining pressures, the und rai ned stiffness Eu was norma lized 
by P1 

0
, which was the initial mean effective stress. Because of 

the nonlinearity of the stress-strain behavior, E u was calculated 
as secant stiffness at three different strain levels. The stiffness 
values at l percent strain may have been applicable in the 
immediate vicinity of the wheel load, but lower strain levels 
should apply in less heavily stressed areas of the road base. 
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FIG URE 3 Stiffness-dry density relationship, lateritic gravel, Mataara-Gatura Road. 

It can be seen that the stiffness of the material was compara
tively low at densities below 98 percent of MDD for BS 
compaction. However, at higher densities the stiffness increased 
significantly. In the denser samples, the required stresses could 
therefore be carried without developing unacceptable deforma
tions. 

The densities achieved at construction of the Mataara
Gatura Road base averaged 102 percent of MDD BS compac
tion, and had increased with time to an average of 105 percent. 
At such a degree of compaction, the lateritic gravel has low 
permeability and high stiffness. It is this combination that 
explains how the road has performed satisfactorily, even under 
low suction conditions. 

Malawi Site Investigation 

In 1983 the Malawi Government authorized the construction of 
a I-km trial section of road as part of a 50-km road contract. 
The trial section was identical to the remainder of the road with 
the exception of the base, in which as-dug lateritic gravel was 
used instead of crushed and graded stone. This resulted in a 
reduction in cost of $30,000 for l km of road . 

The significant features of the road are listed in Table 5 and 
the most important test results are summarized in Table 6. The 
in situ CBRs given in Table 6 were estimated from Clegg 
Impact Hammer tests on the surface of the base at the 150-m 
sections at the north and south ends of the trial section, which 
were surfaced in January 1985 approximately 2 months after 
construction (see Construction period, Table 5). These tests 
were performed 18 months after the sections were surfaced and 
had been in existence for two wet seasons. 

TABLE 5 SIGNIFICANT FEATURES OF LUWAWA
CHAMPHOYO ROAD AND TRIAL SECTION 

Item 

Location 
Geographical 

Site topography 
Trial length 

Laterite base 
Stone base 

Carriageway width 
Thickness of base, stone. 
or laterite 
Thickness of laterite 
sub-base 
Construction period 

Laterite base 

Bitumen seal 
Sub grade 

Rainfall (mean yearly) 

Temperature (mean monthly) 
Depth to water table 
Source of laterite 

Description 

Southern edge of Viphya Plateau in 
northern Malawi 
Chainage 4+500 - 5+500 
Ridge or shallow side cut 

lkm 
At either end for remainder of road 
6.7 m 

150mm 

IOOmm 
Nov/Dec 1984 
Jan 1985 Chainages 4+500 - 4+650 
5+ 350 - 5+500 
Aug 1985 Chainage ·4+650 - 5+ 350 
Residual sand clay derived from 
biotite gneiss parent rock 
1300 mm rainy season November 
to April 
16° - 1 s0 c 
Over 10 m 
Quarry on line of road at 
Chainage 4+200 

It was anticipated that the equilibrium moisture content 
would not be attained for some years after the sections were 
surfaced and the moisture content would probably increase, 
which would in turn result in a decrease in the in situ CBRs. The 
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TABLE 6 SUMMARY OF TEST RESULTS, 1986 INVESTIGATION OF THE MALAWI TRIAL SECTION 

Test Results 
Description of Test No. of Remarks 

Tesis Maximum Minimum Average 

CB Rs at 95 percent of maximum dry 
density, British Heavy 23 45 12 3 l.7 
Compaction Test after 4 
days of soaking 

In situ CBR at surface Results confined to 
of base beneath 24 120 58 87 sections that were 
bituminous surfacing surfaced in January 1985. 

See Construction Period, 
Table 5 

In situ relative dry 84 99.8 90.l 95.4 
rl~-,.,:+ .. fn-t\ 
Ul..-ll:'lllJ l-IV) 

In situ relative 84 1.14 0.70 0.93 
moisture content 

Plasticity index 23 18 14 16.3 

Percentage passing 23 49 26 37.6 
63-µm sieve 

Note: These relative dry densities and moisture contents are not directly comparable with the results shown in Table 3, which need to be 
adjusted in accordance with the note of Table 3. 

changes in both CBR and moisture content at the end of the 5-yr 
period after the road was surfaced are intended to be monitored. 

The trial section was opened to construction traffic on 
January 26, 1985. At this time, the 700-m central section was 
still unsurfaced and was left in this condition during the rainy 
season until July 1985. Kerb stones were placed at appropriate 
intervals on the unsurfaced section of road and moved laterally 
about once a week. The full width of the road was thus subjected 
to the compacting action of traffic. 

On a fine day over 200 vehicles used the road, 40 percent of 
which were 7-ton construction trucks, and half of those were 
being fully loaded. On wet days traffic reduced to about 50 
vehicles. During the period between January 26 and July 11 of 
1985, 500 mm of rain fell and 17 .000 construction vehicles 
(approximately 100 vehicles per day) passed over the I-km trial 
section. The unsurfaced section did not rut or corrugate but 
approximately 10 mm of lateritic base was eroded during this 
period by weather or traffic. The unsurfaced section was finally 
surfaced in early August of 1985, and on August 20, 1985, the 
complete trial section was opened to public traffic, which 
amounted to about 150 vehicles per day. An automatic traffic 
counter was installed and classified, and 7-day traffic counts 
and axle load surveys are being arranged. 

No defects in the laterite trial section or the stone sections at 
each end were observed since the completion of construction. 
No difference in the riding qualities of the stone and laterite 
sections was detected. 

Benkelman beam tests performed in June of 1986 showed 
that the maximum and the residual deflections measured were 
marginally less on the laterite trial section than on the stone 
control sections. 

The condition of the trial section will be monitored at the end 
of each rainy season in May or June of each year. At the end of5 
years, an economic report will be prepared that will take into 
account construction, maintenance, and vehicle operating 
costs. 

OBSERVATIONS 

Construction Procedure 

The Imperial College Laboratory study indicated that a high 
degree of compaction is necessary to ensure that the laterite 
retains its strength even when it is fully saturated. Adequate 
compaction is therefore a priority. During construction and the 
period before the road is surfaced, the following procedures 
should be followed: 

• The surface of the base course should be accurately 
graded to ensure that all water on the surface will be shed. This 
is a normal practice of good engineering. If water is allowed to 
stand on the surface, potholes and ruts will form. 

• The final grading and compaction should also result in a 
smooth, firm, closely knit, and dense surface. The surface will 
dry out and cracks will form, but the cracks will fill with dust 
and mud or they will be closed by the kneading action of traffic. 
It is essential that shrinkage cracking occur before surfacing. 

• Traffic and the weather will gradually erode the fine 
material on the compacted surface until a rough surface is 
exposed that consists of hard laterite nodules, firmly locked 
into position by a dense and dried-out plastic soil mortar. 

It was initially believed that the laterite base should be left 
unsurfaced for a complete rainy season. The base has performed 
in an unsurfaced condition for a complete rainy season without 
rutting or corrugating in the trial sections in Kenya and Malawi, 
where plastic laterites have been used and traffic has been less 
than 200 vehicles per day. Ruts and corrugations are likely to 
form relatively fast in cases in which the laterite is of lower 
plasticity and the traffic is heavier. 

It is necessary that there be a period when the base is left 
unsurfaced to ensure that the base material dries out, any cracks 
that form are filled, and a rough, compact surface is developed 
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by the erosion of the fine surface material. The length of time 
required depends on the plasticity of the laterite, the intensity of 
traffic, and the weather, and can only be determined by 
experience. Recent experience in Malawi showed that sections 
that were exposed to traffic and the weather for 1 to 2 months 
have performed satisfactorily. 

Densification of Subgrades 

It has been known for many years that subgrades of roads, 
particularly those of cohesionless soils, undergo densification 
by traffic over an extended period. Studies have been made of 
the density required at various depths beneath motorway 
pavements, but similar information relating to low-volume 
roads has not been located (JO). Current specifications call for 
the compaction of the subgrade to a given density. This is 
usually interpreted to mean that the top 150 mm of the sub grade 
must be compacted to the specified densities. 

Density profiles beneath the Mataara-Gatura and Gatanga 
roads and comparable profiles of undisturbed soil in adjacent 
areas that were unaffected by construction or normal traffic are 
shown in Figure 4. It can be seen that considerable densifica
tion has been achieved; it extends to a considerable depth below 
the subgrade level, and it is still measurable at a depth of 1 m 
below road level. 
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Although the densification of the top 150 mm of the subgrade 
will be achieved by normal construction compaction, it has 
been found that additional compaction at greater depths has 
been achieved by traffic over an extended period of time. 

If deformations of the pavement of a bituminous-surfaced 
road are to be kept within acceptable limits, the densities of the 
subgrade to a depth of at least l m must exceed a specified 
density profile with depth. The most reliable way of establishing 
the specified density profile is to determine the densities at 
various levels in the subgrade of a road that has the proven 
ability to carry the design traffic. The sub grade soil of this road 
should have similar properties to the subgrade of the road being 
designed. It is often found , especially with cohesionless soils, 
that the density requirements greatly exceed the densities 
necessary to produce the specified CBRs. The density profile is 
therefore often more demanding than the CBR requirements. 

CONCLUSIONS 

fhe successful performance of nonstandard materials as road 
bases can be attributed to the following: 

• An adequate state of compaction, 
• The characteristics of the material, particularly the grading 
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and clay fraction, which result in low permeability and high 
stiffness at the densities achieved, 

• The construction procedures, in which the base was 
exposed to weather and traffic for a period of time before it was 
surfaced, and 

• Well-drained subgrade conditions. 

Although these conclusions are based on tests that were 
performed on lateritic gravel, the same conclusions are likely to 
apply to other materials that have similar gradings, clay 
mineralogy, and distributions. 

The laboratory tests suggest that, at adequate states of 
compaction, the lateritic gravels retain high stiffness even when 
they are saturated. However, no field observations support this 
conclusion to date. 

Attention should· also be drawn to the need to adequately 
compact the subgrade to a depth of at least I m beneath the 
finished road level. 
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Durability Aspects of Chemically Stabilized, 
Weathered Basaltic Materials for Low
Volume Road Base Construction 
M. I. PINARD AND P. }ACKALAS 

Ttte occurrence of premature distress of a lime-stabilized, 
weathered basalt that was used in the construction of a strategic 
low-volume road in northeastern Botswana prompted a com
prehensive investigation by the Roads Department. The main 
objectives of this investigation were to determine the probable 
causes and mechanisms of the unexpected base failures and to 
assess the overall structural integrity of the road. The main 
findings of the investigation, which included pavement and 
surface condition surveys, in situ and laboratory materials 
evaluations, and a petrographic study of the weathered base 
course aggregate are presented in this paper. A significant 
finding of the study was that although the weathered basalt 
satisfied the standard classification and strength criteria for a 
stabilized base, the pavement was n_ot durable enough to retain 
its structural integrity in the project environment. Factors that 
contributed to this shortcoming included: (a) the presence of 
altered or secondary clay minerals in the aggregate in excess of 
the recommended critical limit for the project climate, and (b) 
the occurrence of carbonation of the lime, which resulted in 
apparent reversion of plasticity and a lack of significant 
strength development in the material. The major condusion of 
the investigation is that special attention should be paid during 
the design process to the assessment of durability, including the 
mineralogical composition and carbonation potential, of 
weathered basaltic materials, which could significantly influence 
!heir in-service performance. 

Road network planning in Botswana is influenced to a great 
extent by the country's large size (582 000 sq km, which is 
approximately the size of France), its low population of 1 
million (it is one of the least densely populated countries in the 
world) , its central, land-locked location in southern Africa, and 
its physical characteristics (predominantly flat , sandy terrain, 
semi-arid subtropical climate, and erratic rainfall). 

Road communications are still poor between the eastern and 
western parts of the country. However, the provision of a basic 
transport infrastructure has been a high priority for the 
Government. This policy is aimed at providing an adequate 
road network to enable the scattered and often remote rural 
communities to contribute to and participate in the country's 
development process. 

In ~;Jite of the rapid increase in the length of bituminous
surfaced roads in recent years, unsurfaced roads still represent a 
very large proportion (about 80 percent) of the total gazetted 

Materials and Research Branch, Ministry of Works, Transport and 
Communications, Gaborone, Botswana. 

road network of just over 8000 km. Many of the unsurfaced 
roads carry light (<200 vpd) but nationally important traffic 
and require four-wheel drive vehicles, particularly in the sandier 
areas in the west of the country. 

Maintenance of the unsurfaced roads is inordinately high 
because of the paucity of suitable, naturally occurring gravels in 
much of the country. This factor, coupled with the very high 
costs of vehicle operation on such roads, often makes it cost
effective to surface them at relatively low traffic levels (<200 
vpd). 

Thus, because of Botswana's large size, the geographic 
distribution of its small population, and the generally poor 
quality of road construction materials, per capita expenditure 
on the provision of an adequate road network is relatively very 
high. Such an expenditure has consistently absorbed, and will 
continue to absorb, a large proportion of the country's annual 
development budget (J). Under such circumstances, the greatest 
social and economic benefits at the least cost would be achieved 
by the construction of low-volume bituminous surfaced roads 
with proper regard to the prevailing traffic and climatic 
conditions and the availability oflocal resources and materials. 

Road Construction Materials 

The surface geology of Botswana is generally characterized by 
rather poor road construction materials. In the western and 
central areas of the country, kalahari sands and calcrete (a 
pedogenic material of variable quality) predominate, and along 
the eastern edge, ancient metamorphic and volcanic rocks are 
exposed in a broad belt (see Figure 1). The latter rocks are 
believed to be some of the oldest in the world with ages 
estimated between 2,700 and 3,500 million years; not surpris
ingly, they exhibit varying degrees of weathering (2). 

Local Design Methods 

Design traffic levels hardly exceed 0.5 million equivalent 
standard axles (E80s) in low-volume road construction. The 
Botswana Road Design Manual (BRDM) specification for 
pavement layer requirements for low-volume roads is based on 
the well-established United Kingdom Transport and Road 
Research Laboratory's (TRRL) Road Note 31 and the South 
African TRH4 methods (3, 4). The BRDM also includes less 
stringent criteria for design of traffic volumes below 0.2 million 
E80s based on experimental work performed by TRRL and 
others on calcrete bases (5, 6). The design criteria that were 
specified for a selection of basic pavement layer requirements 
are listed in Table 1. 
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FIGURE I Simplified geological map of Botswana including road network and climatic N-values. 

TABLE I PAVEMENT LAYER REQUIREMENTS FOR LOW-VOLUME ROADS IN BOTSWANA 

100,000 E80s 200,000 E80s 500,000 E80s 

Test Base Sub-base Base Sub-base Base Sub-base 

Minimum grading 
modulus I. I 1.5 2.0 

Maximum plasticity 
index(%) 25 20 15 20 6a 15 

Minimum of 4 days 50 25 60 25 80 25 
Soaked CBR (%) 98 95 98 95 98 95 
At minimum field MOD MOD MOD MOD MOD MOD 

density AASHTO AASHTO AASHTO AASHTO AASHTO AASHTO 

al n low rainfall areas, an increase in the plasticity index is permitted provided the specified plasticity modulus is complied 
with. 
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Utilization of Materials 

Because of the marginal quality of materials along the road 
corridor, it is normally considered a cost-effective and expedient 
practice in low-volume road construction to resort to in situ 
chemical stabilization. This practice has already been adopted 
on more than half of the road network in Botswana. In recent 
years, however, there has been growing concern, and indeed 
evidence, not only in Botswana, but elsewhere in southern 
Africa, of the lack of durability of lime-stabilized pavements, 
which has often resulted in the occurrence of premature distress 
in many roads (7). However, the main reasons for this distress 
have never been fully ascertained. 

Objective of Paper 

The main objective of this paper is to report on the investigations 
of the premature failures that occurred on a recently constructed 
low-volume, lime-stabilized road in Botswana in which a 
weathered basalt was used. Attention is drawn to various 
factors associated with the construction of stabilized roads that 
can affect pavement durability and that should be carefully 
considered at both the design and construction stages. 

PROJECT DETAILS 

General 

The 75-km section of road under consideration is located in 
northeastern Botswana and serves as part of the strategic north
south transit link that provides access to the northern part of the 
country, as well as to Botswana's northern neighbors (see 
Figure I) . Construction of this road was completed between 
October 1982 and November 1983. The exjsting gravel road was 
upgraded by the provision of a new base course and the addition 
of a :wearing course of double bituminous surface treatment. 

Climate 

The average daily temperatures in the project area are a mean 
maximum of 33° C and a mean minimum of 20° C in summer 
and a mean maximum of 28° C and a mean minimum of 6° C in 
winter. The mean annual rainfall in the project area varies from 

J,7m 

91 

approximately 585 to 685 mm, which places the road in an area 
of maximum rainfall for Botswana (350 to 700 mm range). 
Based on the contour map of climatic N-values for Southern 
Africa developed by Weinhert the road is located in a climatic 
region where N varies from 2 to 3.5 (8). These N-values are a 
quantitative expression of the "weathering climate," which 
greatly influences the mode and rate of weathering of igneous 
rocks. 

Topography and Geology 

The topography of the project area is generally flat and lies 
between 900 and 1000 m above sea level. The road alignment 
traverses mostly kalahari sands interspersed with deposits of 
calcrete at its southern end. At its northern end, sand-clays are 
interspersed with sections of expansive clays and numerous 
outcrops of basalt in varying states of decomposition. 

Design and Construction Details 

The dimensions of the road cross-section are shown in Figure 2. 
The pavement structure was designed according to the well
established TRRL Road Note 31 method to carry a traffic 
loading in one direction of0.50 million E80s with an associated 
20-yr nominal design life (3). 

The suitability of the weathered basalt for use as base course 
was assessed on the basis of conventional classification and 
strength testing, including the effect of varying percentages of 
lime on the material's properties. Neither a petrographic study 
nor a durability test of the weathered aggregate was included in 
the testing program. 

Selected, typical results obtained from the preconstruction 
laboratory testing program are given in Tables 2 to 4 as 
background information against which the results of the 
postconstruction investigations can be compared and evaluated. 

Road Performance 

Within 18 months after the road was opened to traffic, localized 
shallow base failures occurred in the outer wheel path (OWP) of 
the road at a number of locations apparently because the lateral 
shear was deformed. This was cause for concern in such a new 
road and prompted comprehensive investigations by the 
Materials Section of the Roads Department. 

--1i ,-~~~~~-J,_o_m~~~~-~-o_,_1m~s_H_o_uL_D_E_R~ 
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FIGURE 2 Road cross-section design and construction details. 
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TABLE 2 EFFECTS OF 1.75 PERCENT LIME OR PLASTICITY 
CHARACTERISTICS OF WEATHERED BASALT 

Curing Liquid Plasticity Linear 
Period (days) Limit Index Shrinkage 

Untreated 24 21 21 IO 6 5 4.5 2.5 2.5 
2 27 23 25 6 4 5 3.5 2.5 2.5 
4 26 22 24 7 6 IO 3.5 3.5 4.0 
6 24 SP SP 5 1.5 2.0 2.5 

TABLE 3 EFFECTS OF LIME ON STRENGTH CHARACTERISTICS OF WEATHERED BASALT 

Strength (CBR %)/MC Lab Compaction Data 

Percentage After Mod AASHTO Percentage 
of Lime 4 days soaked 7-day cure Dry density (kg/ m3) of Compaction MC 

0.0 22/8.4 2,224 99.6 8.1 
1.5 172/9.2 207 /8.8 2,172 97.3 8.2 
2.0 256/ 8.0 277 / 8.4 2,184 97.8 7.8 
2.5 249/ 8.6 211 / 8.6 2,166 95.5 7.9 

TABLE 4 TYPICAL PARTICLE SIZE DISTRIBUTION OF NATURAL SAMPLES AND 
SAMPLES TAKEN AFTER COMPACTION 

Sample Sieve Size (mm) 

Condition 19.0 13.2 

Before compaction JOO 94 
After compaction 100 98 

INVESTIGATIONS PERFORMED 

Objectives 

The main objectives of the road investigation were to 

• Determine the nature and extent of the road failures, 
• Identify the probable causes and mechanisms of failure, 
• Assess the overall structural integrity of the road, and 
• Recommend appropriate short- and long-term remedial 

measures to prevent or minimize the recurrence of failure . 

Investigation Program 

The main objective of the field investigation and laboratory 
testing pro grain was to assess the general condition of the entire 
75-km section of road pavement in terms 'of measurable 
parameters. This quantitative information was evaluated in 
relation to more comprehensive and detailed testing that was 
performed in the failed areas of the road and provided the basis 
for determining the most probable causes, mechanisms, and 
extent of pavement distress. 

For logistic and economic reasons, the general field investiga
tions were confined to the outer wheel path of the road and to 
the base layer of the pavement. However, in the failed sections 
investigations were performed over the full width of the 
carriageway extending to the subgrade. 

4.75 2.00 0.425 O.i50 0.075 

72 55 39 28 30 
83 64 45 30 32 

Because conventional classification and strength tests are 
unable to assess the durability of pavement materials, which is 
governed by their mineralogical composition, particular 
emphasis was placed on this aspect of the laboratory testing 
program as well as on carbonation testing of the stabilized base. 
The field investigation and laboratory testing program are 
summarized in Figure 3. 

RESULTS AND FINDINGS 

Preliminary Investigations (Stage 1) 

Traffic Loading 

The results of the axle load surveys are summarized in Table 5 
and Figure 4, respectively. 

Although traffic volumes on the road are quite low, the 
incidence and magnitude of overloading are very high, a feature 
that is not uncommon on rural roads in many developing 
countries. More than 60 percent of all commercial vehicles were 
found to exceed the legal 8.2-tonne single-axle load limit and to 
account for more than 95 percent of all standard axles on the 
road. However, despite the disproportionately severe damage 
caused by commercial vehicles (mean E80/ commercial vehicle 
of 21.8), this facto1 was nul lhe primary cause of pavement 
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FIGURE 3 Field investigation and laboratory testing program. 

failures in the lime-stabilized weathered basalt section of the 
road . Traffic and environmental conditions were similar on 
adjacent sections; however, when other base materials were 
used, there were no such failures . 
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General Field Surveys and Measurements (Stage 2) 
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The results of the plasticity index determinations performed in 
the outer wheel path of the road base are summarized in 
Figure 5 together with those obtained at the time of construc
tion. Comparison of these results indicates that a dramatic 
reversion in plasticity of the lime-stabilized base course had 
occurred with more than 80 percent of all values exceeding the 
maximum specified limit of 8 percent. Such reversion of 
plasticity was contrary to the indications of the laboratory 
testing program (see Table 2). 

Moisture Content 

The results of the moisture content determinations performed 
in the outer wheel path of the road base are summarized in 
Figure 6. More than 35 percent of all such determinations were 
found to be higher than the equilibrium moisture content ratio 
(field moisture content (FMC)/ optimum moisture content 

TABLES SUMMARY OF TRAFFIC COUNTS FROM 1982 TO 1985 

Year 
1982 
1983 
1984 
1985 

Annual Average Daily Traffic 

No n-Commercia l Vehicles0 

13 
22 
34 
34 

a<s tonnes gross Ychic!c we ight . 
b:>s tonnes gross veh ic le weight. 

ommercia l Vehiclesb 
28 
36 
47 
59 

Total 
41 
58 
81 
93 
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(OMC) of0.6 to 0.7) that would normally be expected in the 
base layer of a pavement located in the project environment (9). 
In keeping with the particular suction/ moisture content relation
ship that applies to the project climate, the higher moisture 
contents were generally found to occur at locations in which the 
material also exhibited high' plasticity. 

In Situ Strength 

The results of a DCP survey that was performed to obtain a 
comparative indication of in situ pavement strength in the outer 
wheel path of the road base are shown in Figure 7. In situ 
values of CBR at the prevailing moisture content were obtained 
using the well-researched correlation between DCP and CBR 
(JO). These results indicate that at more than 60 percent of all 
the locations tested, the in situ CBR of the base layer was below 
the specified service design value of 100 percent. 

Summary of Results 

For ease of comparison all the road performance parameters 
obtained from Stage 2 of the field investigation were piotted on 

a longitudinal strip plan of the road, as illustrated in Figure 8. 
The following general findings can be summarized from this 
figure. 

I. The plasticity index, plastic modulus (Pl times the 
percentage that passed the 0.475-mm sieve), and in situ strength 
(DCP CBR) of the pavement materials were highly correlated 
with pavement condition. These parameters all reflect the way 
in which the pavement layer responds to traffic in the project 
environment. The magnitude of the values obtained therefore 
closely reflects the degree and extent of pavement distress. 

2. Pavement deflection was not found to be a sole, reliable 
indicator of pavement condition. This parameter was found to 
be more sensitive to subgrade support conditions than to the 
state of a particular layer in the pavement. In other words, it 
reflected the elastic state of the total pavement layer rather than 
the deformation state of a particular layer within the pavement. 

3. Transverse deformation (rutting) was found to be highly 
correlated with, and hence a very reliable indicator of, pavement 
condition because it reflected the extent of layer deformation 
within the pavement. 

4. Variation in surface roughness generally did not coincide 
with the variation in the structural condition of the pavement. , 
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Detailed Pavement Investigations (Stage 3) 

Plasticity, Moisture Content, In Situ Strength, and In Situ 
Density 

In order to compare and contrast in situ pavement conditions 
across the full width of the carriageway of the road, in both 
sound (middle section between inner wheel paths (IWP)) and 
failed (OWP) sections of the road, a full range of material 
properties were investigated in detail at a number of locations. 
These investigations were performed over 100-m sections along 
a 10-m by 1-m grid and the results are plotted in Figure 9. 

0 200 WO 600 800 lOOO Mdres 

A marked variation in pavement condition was found to exist 
between the center and edge of the road. Moisture conditions in 
the sound, middle section of the road were found to be 
approximately 50 percent drier than in the failed , outer wheel 
path and to mirror the variations in the road base strength for 
material that had a similar density and plasticity. The higher 
equilibrium moisture content (FMC/ OMC) ratios of the failed 
outer wheel path sections are close to unity (i.e., optimum 
moisture content) and indicate an excess of moisture and a 
corresponding low strength below the specification require-

' ment. 
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decomposed basalt section. 

Water Permeability 

Falling head permeability measurements were performed to 
determine the extent of moisture penetration into the road 
pavement, either through the surfacing (double bituminous 
surface treatment) or in the shoulders. The results, which 
follow, are typical of those obtained from failed sections of the 
road in which the surfacing was still intact. 

Permeability rating (litres/ hour): 

Surface 
0 

Base 
1.0 

Shoulder 
0.4 

The permeability results indicate that the surfacing is generally 
impermeable and that any moisture penetration into the outer 
wheel path of the road and zone of seasonal moisture variation 
was probably by way of the road shoulders. 

Carbonation and Carbon Dioxide 

In view of the suspected link between carbonation of stabilized 
bases and the associated Jack of pavement durability, carbona
tion tests were performed in accordance with the rapid field 
procedure developed at the South African National Institute 
for Transport and Road Research (NITRR) (1 J, 12). In this 

method, the relationship between color changes of a phenol
phthalein solution and the pH of stabilized soil was outlined to 
detect whether lime was present or not. 

In all the sections tested, there was no change in color of the 
phenolphthalein solution that was sprayed over the full depth of 
the layer. This indicated that the pH of the material in this layer 
was less than 8.3 and, consequently, that the lime that was 
originally added had become carbonated. In other words, 
carbon dioxide from the atmosphere or the soil had reacted 
with the lime (calcium hydroxide) to form calcium carbonate. 
The presence of carbonate in the lime-stabilized base, which 
was not detected from chemical analysis of the natural (un
stabilized) material, was confirmed by its effervescence with 
dilute hydrochloric acid. The results of numerous pH determina
tions that were performed in a number of failed sections are 
shown in Figure JO. 

Carbon dioxide (COi) measurements were also performed at 
various depths in and below the road pavement in accordance 
with procedures developed at NITRR. The typical results are 
shown in Table 6. 

The extraordinarily high C02 values that were recorded in 
the failed sections of the road base (up to JOO times higher than 
atmospheric COi) were all associated with carbonated material 
in a highly weakened state. 

An important finding of this aspect of the investigation was 
that carbonation had occurred from the surface of the base 
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downwards and/ or from the bottom of the base upwards, and 
that the entire 150-mm lime-stabilized base layer had become 
totally carbonated within 18 months, and probably well before. 

Laboratory Testing (Stage 4) 

Moisture Content and Strength Relationship 

The effects of moisture changes on the bearing strength of 
representative base course samples were investigated at their 
field densities. The results of the CBR determinations at varying 
moisture contents (soaked OMC, 0.75 OMC, 0.5 OMC) are 
illustrated in Figure 11 and clearly confirm the sensitivity of 
the strength of remolded base course samples to moisture, as 
indicated by the results of Stage 2 of the investigation (see 
Figure 8) . 

Durability 

A range of durability tests was performed to assess the 
soundness of the road base aggregates, particularly in the 
presence of moisture. Typical results of the wet/ dry IO percent 
Fines Aggregate Crushing Test (IO percent FACT) and the 
Texas Ball Mill (TBM) tests are given in Table 7. 
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FIGURE 11 Strength/moisture content relationship for remolded 
base course samples. 

The results of the I 0 percent FACT and TBM tests together 
indicate the susceptibility of the weathered basalt aggregate to 
break down in the presence of water and to produce plastic 
fines. 

Mineralogy 

A petrographic study was performed on a number of represen
tative samples of aggregate from both failed and sound sections 
of the road ·(13). This study included an examination of thin 
sections of the aggregates and x-ray diffraction analysis to 
determine their mineral type, secondary mineral content (SMC), 
and secondary mineral rating. In this analysis, secondary 
minerals were defined as those deleterious clay or clay-like 
minerals that originate from alteration of primary minerals and 
that are believed to be a principal cause of poor engineering 
properties (14). 

The results of the petrographic study of the weathered basalt 
aggregates are summarized in Table 8 and indicate the presence 
of a large proportion of secondary or alteration minerals, 

TABLE 6 RESULTS OF TYPICAL C02 MEASUREMENTS IN THE ROAD PAVEMENT 

Inner Wheel Path (C02 %) Outer Wheel Path (C02 %) 

Pavement Base Sub base Base Sub base 0.5m I.Om 
Condition (Stabilized) (U nstabilized) (Stabilized) (U nstabilized) 

Failed 3.5 4.6 I. I 2.0 1.5 4.2 
Failed 3.0 4.5 0.1 2.5 1.5 1.3 
Sound 0.2 0.2 0.2 0.2 0.2 0.8 
Sound 1.3 0.8 1.4 1.3 0.5 1.3 

Note: Atmospheric co2 content is approximately 0.03 percent. 
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TABLE 7 RESULTS OF SELECTED DURABILITY TESTS 

TBM Values 

Original Dry Ball Wet Ball 
JO Percent FACT (kN) Sample Mill Mill 

Sample 
No. Dry Wet Wet/Dry P425 PI P425 PI P425 PI 

A 265 165 0.62 30 IO 34 15 34 14 
B 290 145 0.50 26 II 31 12 33 12 

TABLE 8 RESULTS OF PETROGRAPHIC STUDY OF WEATHERED BASALT AGGREGATE 

Secondary Mineral Content (%) 

Mineral Type Sample No. (Sound Pavement) Sample No. (Failed Pavement) 

2 3 4 5 

Primary 
Feldspar 11 14 9 9 9 
Augite 6 10 5 5 4 
Olivine 
Opaque ore 9 I 2 6 2 
Glass/ isotropic ground mass 48 59 9 7 

Secondary 
Altered feldspar 7 14 5 i3 
(clay minerals /chlorite) 
Altered augite 5 2 4 
(clay minerals) 
Altered olivine 2 6 9 7 
(clay minerals) 
Devitrified altered 8 8 54 56 52 
(glass/ ground mass) 
Chlo rite I 
Geothite / limonite I 3 
Clay minerals 4 5 3 
Secondary silica/ chalcedony 
Voids 
Percentage of 
secondary minerals 26 16 84 71 78 
Secondary mineral rating 50 40 458 121 225 

Note: Secondary Mineral Rating RSM = jL(P.M)] TR where P = percentage of secondary minerals; M = stability rating (2.0 for 
calcite to 10.0 for pure smectite); and TR = textural or mineral distribution. 

particularly from the failed sections of the road. The secondary 
mineral ratings of the aggregates in the failed sections were 
generally over 140, which, on the basis of investigation work 
performed on Australia": basalts (15), would be considered to 
indicate a potentially unsound aggregate. 

Stabilization Aspects 

Initial Consumption of Lime and pH of Material The initial 
consumption of lime (ICL) value of the unstabilized material 
and the pH of the stabilized road base were determined for a 
number of representative samples. The results of these deter
minations are shown in Figure 10 and indicate two significant 
findings. 

1. The ICL value of the material is comparatively high; it 
exceeds the critical value of about 3, which, for weathered basic 
igneous rocks, generally indicates a potential lack of durability 
and the need to satisfy the ICL value 

0

to achieve durability (16). 

2. The amount of lime added (a nominal 2 percent), apart 
from being less than the ICL value of the material, was as a 
result insufficient to create a pH of about 12.4, which is 
necessary to sustain the strength-producing, lime-soil pozzolanic 
reaction (17). 

Effects of Curing on PI and pH of Lime-Treated Samples The 
effects of curing on tht: plasticity of the lime fraction (passing a 
0.425-mm sieve) of the weathered basalt were assessed at the 
nominal construction lime content of 2 percent and also at 5 
percent lime, which was just above the I CL value of 4.5 percent 
for the natural material. The lime used in this aspect of the 
investigation was obtained from the same source as that used 
during construction. 

After the li'me was added, the soil mixture was brought to its 
approximate OMC by adding water and sealing it tightly in 
plastic bags to prevent loss of moisture. At intervals up to 90 
days the Pl, linear shrinkage (LS), and pH were carefully 
determined in triplicate. The results of this investigation, which 
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are shown in Figures 12 and 13, indicate the unstable nature of 
the modification reaction at the lime content below the ICL 
value of the material. The initial reduction in PI after curing for 
about 2 to 3 days to about 35 percent of the untreated value was 
followed by a subsequent increase that leveled out at about 60 
percent of the untreated value. In contrast, at the lime content 
above the ICL, the PI was reduced to a slightly plastic condition 
that was maintained throughout the 90-day test period. 

The interesting feature of these results is that in the case of 2 
percent lime, the "initial state" PI value, which would have been 
obtained from the field quality control testing the day after 
compaction (i.e., after 2 to 3 days of curing) , would have yielded 
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acceptable values, which were in fact reported. However, these 
values would have been misleadingly low compared to the 
longer-term "equilibrium" plasticity of the material. 

ANALYSIS, DISCUSSION, AND CONCLUSIONS 

General 

When the various results of the road investigation are considered, 
it is apparent that a number of interrelated factors were 
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contributing to the lack of pavement durability and consequent 
distress exhibited by the lime-stabilized, weathered basalt base 
course. These factors are discussed in the sections that follow. 

Materials Properties 

Mineralogy 

The results of the petrographic study clearly confirmed that the 
basaltic base course material was highly weathered. Many of 
the alteration minerals that were identified, such as swelling 
chlorite, are highly unstable in the presence of moisture and 
would degrade to hydrophilic, montmorillonitic clays. As 
verified by the Texas Ball Mill test, such degradation would be 
expected to produce moisture-sensitive fines. In service, these 
hydrophilic fines would attract more moisture and thereby set 
up a chain reaction effect. 

The mineralogical and chemical composition of the dele
terious secondary minerals would also account for the high ICL 
value of the material in view of their high cation ·exchange 
capacity. 

As indicated in Figure 14, the secondary mineral content of 
the basaltic base course material exceeded the recommended 
critical limit for the project environment. Thus, because of the 
moisture and temperature balance in the base layer, in which 
chemical activity is favored, weathering would be expected to 
proceed at a comparatively fast rate in the absence of effective 
cementation of the clay particles (8). 

Plasticity 

Despite the initial reduction in PI of the basaltic base course 
material that was indicated in both the laboratory investigations 
and quality control site tests, it is apparent that complete 
modification of the material was not achieved. This can be 
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attributed to two factors: the high lime demand (ICL) value of 
the weathered basalt and the superimposed effects of carbona
tion. 

The gradual but sustained decrease in pH of the soil-lime 
mixture indicated in Figure 13 reflects the continued absorption 
of lime by the "degraded" clay minerals . under laboratory 
conditions. It is evident that the high cation exchange capacity 
of the soil-lime mixture was not satisfied by the addition of only 
2 percent lime relative to the "lime-fixation" or saturation value 
of 4.5 percent. Thus, full modification of the clay minerals could 
not have been achieved. 

Inasmuch as the lime-stabilized, basaltic base course layer 
was shown to have carbonated, and to have reduced in pH to 
that of the natural material, it seems most probable that the 
eventual loss of lime was due, at least in part, to the effects of 
carbonaiion. As a result, the originaiiy achieved partial modifi
cation of the weathered basalt would have been nullified. 
Consequently, a reversion to the basic characteristic properties 
of the clay would be expected in which high plasticity would be 
a dominant feature. This reversion of plasticity, which would 
appear to have occurred in the field, is considered to be directly 
responsible for the lack of stability that occurred because of the 
adverse environmental (moisture) conditions in the outer wheel 
path of the road. 

Strength 

Although the results of the laboratory soil-lime mixture showed 
the potential for an appreciable gain in strength of the 
weathered basalt at comparatively low lime contents, it is 
apparent that those results were generally not obtained or 
sustained in the field . As was the case with lack of achievement 
of permanent modification of the material, the two main factors 
probably responsible for this are insufficient lime and the effects 
of carbonation. 

As was indicated earlier, because a small amount of lime was 
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added to the base course, relative to its ICL value, insufficient 
stabilizer remained at the end of the modification reaction to 
achieve the strongly alkaline environment (pH> 12.4) required 
to sustain the strength-producing pozzolanic reaction. 

Even if there was sufficient lime for cementation purposes, if 
for example pockets of less weathered material were used, 
because of the time delay required to develop the pozzolanic 
reaction (which may be as much as a year (18)) and associated 
strength gain, the intervening occurrence of carbonation would 
retard, if not prevent, the development of such strength. 

Durability 

The potentially degradable, nondurable mineralogical charac
teristics of the natural weathered basalt were revealed by the 
results of the petrographic study and verified by its high ICL 
value. The lack of durability of this material in the presence of 
moisture was also verified by the results of the wet/ dry 10 
percent FACT in which there was a large degree of breakdown 
between the wet and dry strength values. Consequently, the 
material would be unlikely to be able to retain stability and 
integrity over years of exposure to the destructive forces of 
weathering in the project climate unless adequate means were 
adopted to ensure long-term cementation of its weathered soil 
constituents . That such means were not successful is therefore 
considered to be a primary factor associated with a lack of 
durability of the basaltic base course layer in the pavement. In 
addition, the effects of carbonation have exacerbated the 
durability problem that is often associated with weathered, 
basic igneous rocks. 

Mechanism of Failure 

Traffic loading and the effects of moisture are considered to be 
two of the most influential factors that affect the performance 
of the road for the given characteristics of the weathered basalt 
in the project environment. 

Because the pavement failures were mate~ial-dependent, 

traffic is considered to have been subordinate in influence to the 
effects of moisture. Moisture conditions in the zone of seasonal 
variation, which unfortunately coincided with the outer wheel 
path of the 6-m road, are therefore considered to be the key 
factors controlling its performance. 

The effects of moisture were detrimental to the performance 
of the base layer in a number of ways. Moisture acted as a 
weathering agent on the aggregate particles. It effectively 
lubricated interparticle contact, thereby causing large strains to 
occur in the material, and ultimately, at an FMC/OMC ratio 
above about 0.9, it caused a decrease in the shear strength of the 
base layer to a value below that required to resist the traffic
imposed stresses. Failure consequently occurred, which resulted 
in characteristic shallow base failures often associated with the 
use of degraded igneous materials such as basalt and dolerite 
(19-21). 

Future Performance 

Future performance of the road is primarily a function of time 
in relation to the effects of moisture on the basaltic base course 
layer. Because of the hydrophilic and expansive nature of the 
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clay minerals in the base course, and their moisture-sensitive 
characteristics, it seems probable that progressive road failures 
will occur. Indeed, since completion of the investigations and 
the intervening rainy season, additional failures have occurred 
in those sections of the outer wheel path in which the 
FMC(OMC ratios were comparatively high. 

The rate at which further failures will occur can be estimated 
from the prevailing moisture condition in the outer wheel path 
of the road. Field measurements indicated that approximately 
15 percent of the road length was in a "critical" condition at the 
time of the investigation (i.e., at an FMC/ 0 MC ratio associated 
with failure). Progressive failures along a further 12 km can 
therefore be expected in the nea_r future. It is also probable that 
even the existing sound sections of the road are likely to 
eventually degrade as a result of gradual and sustained increases 
in the moisture content of the outer wheel path of the road. It is 
concluded, therefore, that a substantial proportion of the 75-
km section of the road is unlikely to attain its 20-yr design life. 
Continual minor reconstruction and comparatively high 
maintenance expenditures will be required to keep the road 
serviceable. 

Remedial Measures 

Maintenance of a stable moisture condition in the outer wheel 
path of the road, at a moisture content below the "critical" 
value, will be necessary to ensure that adequate strength of the 
basaltic base course is sustained during its design life. Such a 
condition could have been achieved by sealing the shoulders at 
construction to ensure that the vulnerable zone of seasonal 
moisture variation fell outside the outer wheel path of the road. 

In its present condition, a significant proportion of the 
basaltic base course in the outer wheel path is already above the 
critical moisture content value at which it can provide adequate 
shear strength. As a result, sealing the shoulders would only 
prove to be a successful measure if the existing high moisture 
content were to dry out and to remain below the critical value 
before the onset of any irrecoverable shear deformation. 
Whether this will occur or not is difficult to predict and should 
best be investigated by constructing trial sections of sealed 
shoulders and monitoring moisture content changes in the 
outer wheel path of the road . If the road dries out, then such 
remedial measures are likely to be successful in prolonging the 
life of the road; if not, then there is little else that can be done 
other than to drastically reduce the magnitude of axle loads on 
the road. 

CONCLUDING SUMMARY 

The results of the investigation have highlighted a number of 
factors of fundamental importance to the durability aspects of 
lime-stabilized, weathered materials, which can be summarized 
as follows: 

l. Standard acceptance criteria that are based on classifica
tion and strength tests are insufficient to assess the durability of 
lime-stabilized, weathered materials, which is governed by their 
mineralogical composition. . 

2. Supplementary petrographic analysis and appropriate 
soundness tests, including the wet/ dry 10 percent FACT and 
Texas Ball Mill tests, correlated well with performance. These 
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tests provided a reliable indication of service durability of the 
weathered basalt aggregate in the project climate and should be 
included as a required part of any labora~ory testing program 
aimed at evaluating the durability of basic igneous rocks. 

3. The effects of carbonation on the stabilization process 
were shown to have far-reaching consequences on the durability 
of the stabilized materials, particularly because they were 
weathered and of marginal quality. The occurrence of carbona
tion interfered with and largely nullified both the modification 
and cementation stabilization reactions, which resulted in a 
reversion of plasticity and a lack of significant strength 
development. 

4. Unless special precautions are taken to minimize the 
effects of carbonation, the achievement of pavement durability 
is unlikely. Such precautions, which might include sealing the 
membranes of the stabilized layer to minimize ingress of carbon 
dioxide, will significantly increase construction costs but should 
nevertheless be taken into account during the design process. 

5. Whenever moisture-sensitive materials, particularly 
weathered materials, are used in road pavements, the shoulders 
of such roads should be sealed to a sufficient width to ensure 
that the outer wheel path is kept away from the edge zone of 
seasonal variation. This practice will ensure that, other than in 
extreme environmental conditions, the entire carriageway 
width of the road base will be maintained at the comparatively 
low equiiibrium moisture content ratio at which higher soil 
strength will prevail. 
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Experimental Use of Weathered 
Gravels on Roads in Ethiopia 

Basalt 

PETER BEA VEN, RICHARD ROBINSON, AND KASSA YE AKLILU 

Specifications for aggregate surfacings in Ethiopia are based on 
plasticity and grading with a maximum aggregate size of 38 
mm. Roads built to these specifications have performed well, 
but the cost of construction has usually been relatively high 
because it is often necessary to process the material through 
crushers and screening plants. The natural gravels, including 
weathered basalts, do not normally comply with aggregate 
surfacing specifications, but their abundance makes them a 
relatively cheap construction material. Two experimental roads 
were constructed in Ethiopia in a joint study by the Ethiopian 
Transport Construction Authority and the Transport and 
Road Research Laboratory of the United Kingdom to examine 
the possibility of using weathered basalt gravels as a surfacing 
material for unpaved roads. These experiments involved the 
study of gravels from several different sources under traffic 
levels that ranged from 30 to 175 vehicles per day. Test sections 
were placed on roads with different geometric characteristics so 
that their performance could be studied under a range of 
conditions. The performance of the materials was assessed in 
terms of resistance to deformation, rate of gravel loss, and 
deterioration of riding quality. These factors were related to the 
physical characteristics of the gravel, including any possible 
change with time, and to the traffic loads. The measurements of 
the road surface were based on optical levelling, which was used 
to monitor rutting, corrugations, and gravel loss. These standard 
measurements were supplemented by visual inspection to 
identify features such as surface texture or the development of 
potholes. Riding quality was measured with a vehicle-mounted 
bump integrator. Materials were tested by means of density 
measurements and grading checks. The results of the experi
ments have led to proposals for the use of weathered basalt 
gravels and have shown that crushing or screening is cost
effective to reduce oversized material when used on roads with 
traffic levels greater than about 50 vehicles per day. 

The Ethiopian Transport Construction Authority (ETCA) is 
responsible for the construction of a considerable length of 
gravel road each year and is concerned about the problem of 
finding suitable gravel materials to provide adequate running 
surfaces. 

The first set of materials specifications introduced by the 
ETCA were based on those published by the U.S. Bureau of 
Public Roads. The specifications for aggregate surfacing are 
based on plasticity and grading with a maximum allowable 
aggregate size of 38 mm. Roads built to these specifications 

P. Beaven and R. Robinson, United Kingdom Transport and Road 
Research Laboratory. K. Aklilu, Ethiopian Transport Construction 
Authority. 

have performed well, but the cost of construction has usually 
been relatively high, because the material must normally be 
processed through crushers and screening plants. The natural 
gravels, such as volcanic cinders, weathered basalt, and river 
gravels, which are available in some areas in large quantities, do 
not normally comply with the aggregate surfacing specifications 
because of their coarse nature and plasticity characteristics. In 
order to make full use of these local materials, it is necessary 
either to modify them so that they comply with existing 
specifications, or to broaden the specifications to include a 
wider range of materials . The first alternative would increase 
the cost of using the natural gravels, whereas the second 
alternative implies an increase in vehicle operating costs or road 
maintenance. One effective way to justify changes in specifica
tions is to study the behavior of the materials in the field. 

Various low-grade materials have been studied in the Joint 
Road Research Project of the ETCA and the Transport and 
Road Research Laboratory (TRRL) to determine if effective 
specifications can be devised for their use on lightly trafficked 
roads. One experiment has been constructed to study the 
performance of volcanic cinders and tuff and two other 
experiments are described that have been used to study 
weathered basalts (1). Experimental roads were constructed 
using basalt gravels. The first was on the Gelemso-Mechara 
project and the second was on the Ghion-Jimma project. Each 
experiment contained several stretches of construction on 
different parts of the road line so that different conditions could 
be studied. 

GELEMSO-MECHARA EXPERIMENT 

The first of these experiments, which was conducted near 
Gelemso, was designed to investigate aspects of variation in 
gravel quality and the effect of geometry on road performance. 
The project was constructed to gravel standards and the 
estimated traffic flow was 30 vehicles per day (vpd). 

Several sources of gravel had been tested for use on the 
project and some had been rejected because they were outside 
specifications. Sections were laid using gravel that met project 
specifications and were compared with sections that contained 
gravel with excess plasticity or unsuitable gravel that had been 
improved. In one case, this involved running gravel through a 
crusher to reduce the maximum size of aggregate. A second case 
involved the addition of sand to reduce the plasticity of the 
fines . Studies were also made of the effect of different compac
tion equipment on the breakdown of the gravel. 

In order to assess performance on steep gradients, two gravel 
sections were constructed on gradients of 7 to 8 percent and 
were compared with sections with gradients of 1.5 percent. 
Most of the sections were straight but two had a moderate 
degree of horizontal curvature. 
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GHION-JIMMA EXPERIMENT 

The second experiment was incorporated into a bitumen 
surfacing project that enabled an accelerated study to be made 
using a higher level of traffic on gravel-surfaced experimental 
lengths of road. The main objective was to compare gravels 
within specification to those with higher plasticity under a range 
of horizontal and vertical curvatures. The proposal to modify a 
gravel by crushing had to be abandoned because there was no 
spare crushing capacity near the gravel pits. 

PROPERTIES OF BASALT GRAVELS 

A visual inspection of a typical weathered basalt indicates that it 
consists of coarse gravei aggregate with plastic fines. The 
aggregate can vary from apparently fresh rock to hard weathered 
material to a highly weathered skin that is easily broken down 
by handling. ,A. sharp boundary often exists between different 
stages of weathering. The presence of highly weathered material 
and a large proportion of coarse gravel complicates the testing 
of these soils and makes interpretation of the resulting data 
more difficult. 

Typical weathered basalts in Ethiopia are predominantly 
gravel with a low proportion of sand. In practice, it is difficult to 
find materials that, when excavated, meet ETCA specifications 
for a "special subbase," which require that between 30 and 70 
percent of the material should be retained on the U.S. No. 4 
(5-mm) sieve. Only coarse gravel that has been run through a 
crusher typically meets this specification. 

In addition to grading, the plasticity characteristics are 
usually included in specifications because these two properties 
can be related to density and strength. Weathered basalt gravels 
tend to have high plasticities, which can restrict the use of these 
materials. Preparation of the sample for testing can also affect 
the result. The changt; in grading of a material on compaction 
can be accompanied by a change in plasticity. 

Strength testing of weathered basalts can be difficult to 
interpret because the usual test procedure, the California 
Bearing Ratio (CBR), uses material less than 20 mm in size. 
However, exclusion of material that is greater than 20 mm in 
size can drastically alter the grading of the material. The 
recommended procedure for laboratory compaction tests is 
that the coarse gravel be replaced by an equivalent amount of 
material between 5 and 20 mm in size. However, if a significant 
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proportion of the sample is replaced in this way, a highly 
distorted grading curve results. This is bound to alter the 
density, which will affect the strength. Tests that use coarse 
gravel in a 45-cm-diameter mold have shown that the densit~1 is 
reduced by 3 percent when material larger than 20 mm in size is 
replaced in this way. Standard correction procedures have been 
proposed to correlate laboratory densities on material less than 
20 mm in size with field densities of the natural gravel. 

It must be acknowledged that when measuring the CBR of 
weathered basalt, the laboratory value will only be a guide to 
the strength of the material in the field because of the differences 
in the grading between the two. A typical soaked CBR of 
weathered basalt is in the range of I 5 to 30, which means that, 
when an allowance is made for the presence of large aggregate 
(which is presumed to increase the stability), much weathered 
basalt is adequate as a subbase, but none is suitable for use as a 
base beneath a bitumen surface. 

PERFORMANCE MODELS 

Models for predicting the performance of gravel roads under 
traffic have been developed by TRRL in Kenya (2). Performance 
is related to traffic loading in terms of the progression of gravel 
loss, roughness, and rutting. The present generation of per
formance relationships defines gravel type in a simple, generic 
way, such as volcanic, lateritic, and quartzitic, although the 
relationship fur gravel loss also has components for rainfall and 
gradient. The results of these experiments are compared with 
those of Kenyan volcanic gravels. 

EXPERIMENT AL ROADS 

Gelemso-Mechara Experimental Sections 

The layout and characteristics of the experimental sections 
constructed on the Gelemso-Mechara project are given in 
Table I . Each of the test sections was 400 m long, but only the 
I 00-m central section was used for detailed measurement. The 
running surface was 6 m wide and the gravel wearing course was 
laid 200 mm thick, with the exception of Section 2. The gravel 
surfacing material came from three quarries that were sited at 
km 62, 66, and 74. A summary of their properties is given in 
Table 2. 

TABLE 1 GELEMSO-MECHARA TEST SECTIONS 

Horizontal Curvature Gradient 
Section Over Section (%) Sub grade Gravel 

1 Straight 1.5 Black cotton Km 66 (200 mm) 
2 Straight 2.2 Black cotton Km 66 (400 mm) 
3 38 degrees 7.6 Sand Km74 
4 Straight 8.6 Sand Km62 
5 Straight I. 7 Red clay Km 74 
6 13 degrees 1.6 Red clay Km62a 
7 Straight 1.2 Red clay Km62 
8 Straight 1.5 Black cotton Km 62 + 10% sand 
9 Straight 0.6 Black cotton Km 62 crushed 

10 Straight I.I Black cotton Km74 

aBoth grid and vibrating rollers were used on Section 6. All other sections were compacted with a vibrating roller only. 
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The gravel from km 62 contained a fair proportion of 
oversized material (greater than 75 mm) and was deficient in 
sand and fine material. However, the fines that were present had 
a high plasticity. An attempt was made to improve this gravel by 
crushing it but, crushed or uncrushed, the material did not meet 
the material specification requirements for the main construction 
project. 

The gravels from km 66 and km 74 were similar to those from 
km 62, but the gradings were better and the natural fines were 
less plastic. These two materials were used to construct the main 
project. 

Ghion-Jimma Experimental Sections 

The layout and characteristics of the experimental sections 
constructed on the Ghion-Jimma project are given in Table 3. 
The test sections were constructed at four sites to obtain the 
variety of traffic flow and geometric conditions that was 
required. Sections I to 11 were built on the main Ghion-Jimma 
road. The first seven sections were located just outside the town 
of Welkite and the remainder were located in the Gibe gorge. 
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The other sections were constructed on side roads to Hosaina 
and Dadale to obtain lower traffic flows. 

Each test section was JOO m long with a 100-m transition in 
between the sections. Because of the local road geometry, it was 
necessary to split Section 9 into two 50-m subsections. The 
sections were 7 or 8 m wide with the exception of those on the 
road to Dadale, one of which was 4 m and the other 6 m. Gravel 
was laid to a compacted thickness of 150 mm with the exception 
of the sections on the road to Dadale, which had been recently 
constructed by ETCA and on which no new construction was 
applied. All of the sections at all of the sites were built on a 
similar subgrade of expansive black clay. 

The gravel surfacing material came from three quarries sited 
at km 167 on the main project, and from quarries on the roads 
to Hosaina and Dadale. A summary of the properties of the km 
167 and Dadale materials is given in Table 4. The material from 
the quarry on the Hosaina road was virtually identical to that 
from km 167, and the properties are not reported separately. 

The Dadale material contained a higher proportion of fines 
than that from km 167 and was slightly more plastic. Both 
materials contained oversized material, the proportion of which 
was higher in the Dadale material than in the km 167 material. 

TABLE 2 PROPERTIES OF SURFACING MATERIALS USED AT GELEMSO-MECHARA 

Fines 
Content Maximum Dry Optimum Soaked 
(% Passing Density Moisture CBR at 

Gravel Liquid Plasticity 75mm That (Mg/ m3> Content 0.1 in. pen 
Type Limit Index Pass 75µm) (BSl377) (%) (%) 

Km 62 (pit 
run) 49 24 6 1.69 19 16 

Km62 
(crushed) 50 21 9 1.92 15 18 

Km66 33 6 II 2.03 12 30 
Km 74 35 7 7 2.03 12 25 

TABLE3 GHION-JIMMA TEST SECTIONS 

Horizontal 
Curvature Gradient 

Section Traffic ADT Over Section (%) Gravel Location 

I Straight -3 .7 Km 167 
2 Straight -2.8 Dad ale 
3 59°L -1.4 Dadale 
4 175 Straight -0.9 Dadale Welkite 
5 Straight +0.4 Km 167 
6a Straight +0.5 Km 167 
7b Straight +0.5 Stabilized 

8 63°L -4.3 Km 167 
9A 27°L -6.3 Dada le 
9B 175 66°R ~ -6.2 Dad ale Gibe 

IO Straight -5.0 Dadale 
11 Straight -4.7 Km 167 

12 
75 

Straight +6.2 Hosaina Hosaina 
13 Straight +2.2 Hosaina 

14 
25 

Straight +6.5 Dad ale Dad ale 
15 Straight +1.8 Dad ale 

0Scction 6 was designed to have a 6 percenl camber, whereas all other sections were designed with a 4 percent camber. 
b cction 7 was stabilized with lime and ~ca led with a single surface dressi ng. 
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TABLE 4 PROPERTIES OF MATERIALS FROM QUARRIES USED ON GHION-JIMMA EXPERIMENT 

Gravel Liquid Plasticity 
Type Limit Index 

Km 167 41 23 
Dada le 50 29 

It was originally planned to lay experimental sections using 
crushed materials but the cost of hauling from the quarries to 
the nearest available crusher proved to be prohibitive and this 
part of the experiment was abandoned. The material from the 
km 167 quarry was marginal. It was at the limit of the ETCA 
grading specification, whereas the Dadale material fell outside 
the specification. 

Climate 

The Gelemso-Mechara district has an annual, moderate rainfall 
of about 1000 mm. Most of the rain falls in the months from 
April to September. The mean annual temperature is about 
19° C and is fairly constant throughout the year. 

The mean annual temperature at Welkite, one of the sites of 
the Ghion-Jimma project, is approximately 16°C and monthly 
means vary from this by only a few degrees. The mean annual 
rainfall is about 1400 mm, and varies from about 25 mm during 
January to over 250 mm during July. No information is 
available on climatic differences between the Welkite and Gibe 
sites, although a subjective assessment indicates that Gibe is 
both hotter and wetter. 

Traffic 

A manual traffic count was performed on the Gelemso
Mechara road and indicated that the average daily traffic was 
about 30 vpd. Because of the low traffic volume and the 
observation that the traffic was composed largely of a few 
vehicles that passed over the road several times, it was decided 
not to perform an axle load survey. 

A traffic survey was performed near the Welkite site shortly 
after construction. A classified traffic count was made for 6 
days and an axle load survey was pt:i furrnt:d for 7 days. In both 
cases, vehicles were surveyed from 7:00 am to 7:00 pm each day. 
Little traffic was on the road outside this period. Automatic 
traffic counters were also placed on the Hosaina and Dadale 
sites, each for one complete week. The traffic loads for the fou1 
sites were estimated from the results of these surveys and are 
shown in Table 5. 

MEASUREMENT TECHNIQUES 

General Measurement of the Road Surface 

The adopted system involved the survey of a 100-m length of 
road with an optical level using 8-m cross-sections. Elevations 
were measured at 0.25-m intervals across the road and spaced at 

Fines 
Content Maximum Dry Optimum 
(% Passing Density Moisture Soaked 

(Mg/m 3) 75mm That Content CBR 
Pass 75 µm) (BS1377) (%) (%) 

7 
11 

2.07 13 44 
l.97 14 24 

TABLE S TRAFFIC LOADS IN GHION-JIMMA EXPERIMENT 

Site 

Weikite / Gibe Hosaina Dadaie 

ADT light vehicles 59 70 25 
ADT heavy vehicles 116 5 

ADT all vehicles 175 75 25 

Daily one-direction 
standard axles 542 74 

Total one-direction 
standard axles 140,000 10,000 

Note: Dash indicates that the value is negligible. 

10-m intervals along the road. Survey levels were related to 
pipes in the verge and the center line was marked with a I 00- or 
150-mm nail placed in the road.surface at 30-m intervals, so that 
cross-sections could be reestablished on exactly the same line 
using a measuring tape of this length. Nails were placed at 20-m 
intervals on bends. Experience showed that these nails could be 
found relatively easily at subsequent surveys and were not 
pulled out of the road. 

The levels that were recorded in this manner were related to 
monument heights and a computer program was developed to 
compare surveys and determine average gravel loss over the 
section. Cross-sections were also plotted and a 2-m straight
edge scale was then used to measure rut depth . Some sections 
contained two ruts and some contained four. In each case, the 
maximum depth was measured for each rut, and the mean was 
recorded. The data from the Ghion-Jimma experiment were 
also analyzed by computer to identify and measure all of the 
ruts. 

Corrugations 

Corrugations on the Gelemso-Mechara sections only occurred 
on one section during the period of measurement. These were 
recorded using a technique that was applied to 30 m of the 
center line and at a distance of I m on either side. The spacing of 
corrugations was determined using a measuring tape. This tape 
was also stretched between adjacent crests 'to provide a datum 
from which the deepest part of each trough could be measured 
using an optical level to give absolute heights that could reveal 
long wavelengths. The broad contact from the base of the staff 
avoided penetlation of the loose materiai. 
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Roughness 

Comparative measurements of riding quality were made only 
on the Ghion-Jimma sites using a vehicle-mounted bump 
integrato1 that was fixed on a Range Rover vehicle. This 
m eas ured the sum of the upward movements of the rear axle in 
relation to the chassis of the measuring vehicle over the length 
of the test run. Calibration runs over a length of bitumen
surfaced road were used to compensate for any changes in the 
vehicle's suspension over time and to standardize values at 2.5 
m / km. However, at the relatively high roughness levels recorded 
in this study, quoted readings are unlikely to be comparable 
with standard international roughness units (4) . Nevertheless, 
the readings still provide a useful index of riding quality for the 
purpose of comparing the performa nce of one test section with 
a nother. 

Materials Testing 

Testing after construction was only possible on the Ghion
Jimma site and was confined to checking density and particle 
size distribution to see if there was any change in these 
properties as a result of trafficking. The difficulties that resulted 
from the large size of the aggregate have already been discussed. 
However, one other difficulty was encountered when comparing 
densities that were measured on a freshly constructed road with 
those on a trafficked section that had a rough surface. In the 
latter case, the sand bottle that was used to determine the 
volume of soil being tested was held away from the surface by 
protruding stones. This allowed excess sand to escape, which 
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led to an underestimate of density. To compensate for this , the 
pouring cylinder was calibrated for each density site to determine 
the volume of sand that escaped from the standard equipment. 

PERFORMANCE OF THE EXPERIMENTAL SECTIONS 

The Ghion-Jimma experiment was monitored for a 9-month 
period following construction. The Gelemso-Mechara experi
ment was monitored for 11 months. It was originally planned to 
monitor the Gelemso-Mechara site for a longer period, but this 
proved to be impossible because of the security situation in the 
vicinity of the experiment. 

Density and Grading 

Grading curves for the gravels that were used in the Gelemso
Mechara experiment are shown in Figure I. No further sieve 
analyses were performed for these materials. 

The results of the sieve analysis of the Ghion-Jimma experi
ment are shown in Figure 2 to illustrate both the similarities 
between the materials and the variability of the gravels actually 
laid . The sample size was deliberately restricted to avoid 
damaging the surface of the road, which meant that it would not 
be possible to measure the oversized aggregate. When the 
results of the sieve analysis a re plotted for 20-mm down 
material, as shown in Figure 3, the differences in the materials 
becomes more apparent and it is possible to study the change in 
grading after construction. Only one of the gradings had 
changed by more than IO percent, and two sections that 
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FIGURE 2 Grading envelopes for Ghion-Jlmma materials at construction. 

corrugated had not changed at all. There was no consistent 
pattern to the small changes that were detected and it was 
concluded that the difference in the gradings that were obtained 
at two different times was a reflection of the inherent variability 
of the materials. Therefore, no further grading measurements 
were performed. 

Measurements were made of density and moisture content 4 
months after construction. However, because the values changed 
little during this period , the measurements were not repeated. 

Rutting on the Gelemso-Mechara Project 

The development of rutting on the Gelemso-Mechara experi
mental sections is depicted in Figure 4. It is shown in the figure 
that the development of ruts is very irregular at this early stage 
in the life of the road. However, certain features can be seen. 
The majority of sections, which were constructed with gravel 
that met normal specifications, behaved similarly. The use of 
the more plastic gravel from km 62 had increased rutting by 50 
percent. Sections 3 and 4 were on steep gradients. Rut depth 
increased significantly in these sections in comparison to the flat 
sections that were constructed from the same material. It was 
not possible to detect any changes that resulted from horizontal 
curvature. However, on Sections 4, 7, 9, and 10, the uphill lane 
had significantly deeper ruts than the downhill lane, even 
though both lanes had the same traffic loads. 

Rutting on the Ghion-Jimma Project 

Mean rut depths are plotted against traffic in the Ghion-Jimma 
project in Figures 5 and 6. Five sets of readings were taken over 
a 9-month period in this experiment. 

The following general observations can be made from these 
figures. The sections in the Gibe gorge, in which the speed of 
vehicles was considerably reduced, have lower rut depths than 
the sections at Welkite. At both sites, the Dadale material had 
deeper ruts than the km 167 material, and the rut depth tended 
to increase with time after the initial period. The km 167 
material did not change much after the initial period. The 
performance of Section 6 was much different from all other 
sections. Sections 5 and 6 developed corrugations, but those of 
Section 6 were more severe. Large potholes also developed. It 
was intended that this section be constructed with a 6 percent 
camber instead of the normal 4 percent. During construction, a 
large part of the test section was given a final pass by the grader, 
which resulted in an almost flat crown. A comparison has been 
made between the deformation of normal sections (Figure 7) 
and of those with a crown that had been flattened to a transverse 
gradient of less than 2 percent (Figure 8). A typical rutting 
pattern developed on normal sections, but all flattened sections 
developed a single, large depression in the center of the road. 

It was expected from comparisons of rut depth and gradient 
in the Gelemso-Mechara experiment that the sections in the 
Gibe gorge would have deeper ruts than equivalent sections at 
Welkite. However, rutting at Welkite was generally deeper, 
which implied that differences in such factors as vehicle speed 
were having an effect. Research in Australia has defined a 
"speed environment" for a road that is related not only to road 
geometry, but also to the topography and other features 
surrounding the road (5). The speed environment of the Welkite 
site was significantly higher than that of the Gibe site in the 
Ghion-Jimma experiment. The deeper ruts could therefore be 
partly a result of higher speeds. A change of gradient from 0.9 
percent to 2.8 percent on Sections 2 and 4 at Welkite increased 
the rut depth between 10 and 15 percent. 
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FIGURE 3 Grading envelopes for Ghion-Jimma materials less than 20 mm in size at construction and 
4 months later. 
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Comparison of Rutting With Results From Kenya 

A study of the performance of volcanic gravels has also been 
performed by the TRRL in Kenya (2). This study monitored the 
increase in mean rut depth and resulted in the development of 
the following predictive equation: 

RD= 

where 

RD= 

T = 

10.11+0.314T+ 0.00031T2 + 0.00002T3 

mean of all ruts in mm measured under a 2-m straight 
edge, and 
cumulative traffic in both directions since grading, 
measured in thousands of vehicle passes in both 
directions. 

This relationship has been plotted on the mean rut depth 
results from Ethiopia, and are directly comparable in Figures 4 
to 6. The experiments in Kenya measured the performance of 
gravels up to about 90,000 vehicle passes. The traffic levels 
studied in Ethiopia were much lower than this level and, over 
this range, the plotted relationship is essentially linear. 

The agreement shown by the test sections at Welkite in 
Figure 5 is very good. However, the rut depths of the sections in 
the Gibe Gorge, shown in Figure 6, tend to be lower than the 
predictive equation from Kenya. As was noted earlier, the lower 
speed environment of Gibe Gorge led to lower rut depths. The 
Kenya relationship was made only in terms of traffic; the effects 
of speed or geometry were not modelled. The Kenya relationship 
does not provide good predictions for the lightly trafficked 
sections shown in Figure 4. In these cases, the effect of climate is 
likely to play a relatively more significant role than traffic. It is 
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not surprising that the Kenya equation, which is made only in 
terms of traffic, does not give good predictions of performance 
in terms of rut depth in these cases. 

Corrugations 

Eleven months after the Gelemso-Mechara experiment was 
constructed, only Section 9 showed signs of corrugations. 
Subsequent examination of stereoscopic photographs that were 
taken 4 months after construction showed no trace of corruga
tions (3) . This suggests that the formation of the corrugations 
took place during the dry season. It was not possible to take 
measurements at 1 m on either side of the center line because 
the corrugations were not sufficiently well developed. The mean 
crest spacing was 0.89 m and the mean depth was 19 mm. 
Crushed gravel from km 62 was used to construct Section 9. 
This suggests that a more effective way to improve the stability 
of this material is to blend it with sand instead of crushing it. 

The development of corrugations on Sections 5 and 6 of the 
Ghion-Jimma experiment is shown in Figure 9. The sections 
were monitored at the end of October, 9 months after construc
tion (47,000 vehicle passes). Measurements were only made of 
corrugations along the center lines even though the corrugations 
exterided to at least 1 m on either side. By this time, the 
corrugation troughs had mostly become potholes. The wet 
season at Wei kite extends from the beginning of May to the end 
of September. 
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FIGURE 9 Ghion-Jimma corrugation depth. 

The graphs indicate that the severity tended to reduce during 
the rainy season and then to increase again as the road surface 
dried out after the rains. This phenomenon was observed in 
another experiment performed in Ethiopia by the Joint Road 
Research Project and confirms other observations that the 
severity of corrugations is related, among other things, to the 
moisture coQtent· of the road-building material (6). This is 
because the moisture helps bind the material together and 
therefore inhibits its ability. to move under the action of traffic. 

The most significant thing about these results is that (a) of all 
the test sections, only Sections 5 and 6 showed any signs of 
corrugating, (b) the corrugations formed were severe, and (c) 
they formed very soon after construction. It is unclear why these 
and no other sections corrugated. From a materials point of 
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view, nothing from the grading or in situ density results would 
account for the marked difference in the deterioration shown by 
these sections when compared with that of the remainder of the 
experiment. In addition, because both sections were straight 
and level, it is unlikely that road geometry accounted for the 
deformation. The only possible explanation appears to be that 
Section 6 was adjacent to Section 7, which was paved, whereas 
all other test sections were adjacent to unpaved sections of road . 
It is probable that vehicle speeds were higher on the paved 
section and, therefore, vehicles travelling towards Welkite 
entered Section 6 at a higher speed than on other sections. This 
higher speed, coupled with probable braking, could be critical 
factors that triggered the corrugations. This is supported by the 
fact that corrugations were less severe on Section 5, in which 
speeds were probably lower, and braking was possibly gentler. 
By the time vehicles reached Section 4, they were no longer 
braking and their speeds were reduced to values similar to those 
experienced by the other gravel sections. 

Roughness 

No measurements of roughness were made in the Gelemso
Mechara experiment. In Figures 10 and 11 roughness has been 
plotted against traffic volume in the Ghion-Jimma experiment. 
Because most of the traffic tended to drive down the middle of 
the road, the average of the roughness measurements in each 
direction was determined and plotted against total traffic in 
both directions. Because it was not possible to perform a 
detailed calibration of the measuring unit, the absolute, recorded 
values of roughness are probably unreliable, particularly the 
higher readings. Nevertheless, the relative values obtained give 
a good indication of the relative riding quality on each of the 
sections. 

The corrugations on Sections 5 and 6 have a clear effect on 
the riding quality and Section 6 is noticeably bumpier than 
Section 5 (cf corrugation results) . The remaining section at the 
Welkite site (Section I) became approximately twice as uneven 
as any of the sections that were built with this material at either 
the Gibe or H osaina sites (Sections 8 and 11 to 13). By the close 
of the experiment, some of the sections that were surfaced with 
Dadale material (Sections 2 and 4) had become almost as 
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bumpy as the corrugated sections. In general, the range of 
surface irregularity attained by the Dadale sections was very 
large when one considers that none of these sections corrugated. 

The roughness equation for volcanic gravels in Kenya is 
plotted in Figures 10 and 11 (2). This predictive equation is of 
the follo\ving form: 

R 

where 

R 

T = 

0.0032 (3442 - 2.5 i 9 T + 8.111 T2 - 0.0934 T3)0.~9 

mean roughness in the wheel tracks measured in 
m/ km IRI, and 
cumulative traffic in both directions since grading, 
measured in thousands of vehicle passes in both 
directions (4) . 

Despite the lack of a detailed calibration in this study, the 
sections built with km i 67 material that did not corrugate fit the 
Kenya relationship tolerably well (Figure 10). None of the test 
sections monitored in the Kenya study corrugated and it is 
interesting to compare the form of the lines through the 
corrugated points with the cubic equation that was used to 
model the Kenya data. It is likely that the true shape of the 
relationship for gravels that corrugate will rise to high roughness 
values very quickly, possibly after the passage of only 5,000 to 
10,000 vehicles. 

The Dada\e gravels gave very high roughness readings 
(Figure 11). It is clear that as the original surface was abraded 
by traffic, oversized material was exposed and roughness levels 
increased rapidly. 

Gravel Loss 

All the test sections on both experiments were leveled on a 
regular basis to attempt to establish the loss of surface material 
over time. This is a well-established procedure that was used 
successfully in other parts of Ethiopia by the Joint Road 
Research Project. Unfortunately, it was found that the specially 
constructed benchmarks on the Ghion-Jimma experiment were 
moving in relation to one another. Even massive rocks and 
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culvert headwalls, to which the benchmarks were related, were 
observed to move during the period in which the experiments 
were conducted. This was thought to be because the subgrade in 
the area consisted of a deep profile of expansive black clay. It 
was impossible to use the benchmarks at Gelemso-Mechara to 
make an estimate of gravel loss because they had been 
vandalized. At Ghion-Jimma, it was thought that the galvanized 
pipes that were used to delineate the sections and were driven 
into the edge of the carriageway may have moved in the same 
way as the road. An attempt was therefore made to determine 
the change in road level based on the galvanized pipe levels. The 
results that were obtained in this way are comparable with 
gravel loss measurements made in other experiments. It is 
reasonable to assume that, as the embankment heaved in the 
rainy season, the relative levels of the galvanized pipes and the 
surface did not change, although the relative differences 
bet ween these and other benchmarks may have changed. The 
actual measurement of gravel loss was determined from the 
level results using a specially written computer program that 
determined the drop in level between successive surveys using 
an end-area method. 

Problems with the survey method that was performed after 4 
months led to a loss of results for those sections on a curve for 
this round of measurements. The galvanized pipes on the 
H osaina sections were bent by a grader 2 months after the 
survey, so it was impossible to measure the loss of material on 
these sections. In addition, results that were collected on certain 
other sections suggested a significant relative movement · of 
benchmarks that could not be reconciled. 

The progression of gravel loss with traffic for those sections 
in which continuous measurements were possible and for which 
a reasonable degree of confidence can be placed in the results is 
shown in Figure 12. These values are also compared with the 
gravel loss predictive equation that was developed in Kenya (2). 

G L = 0.96 [ --/!-~- ] (4.2 + 0.092T + 3.50Rf + 1.88 Ve) 
T1 + 50 

where 

c, 
T = 

H, = 
v,. = 

annual gravel loss in millimeters, 
annual traffic volume in both directions measured in 
thousands of vehicle passes, 
annual rainfall in meters, and 
percentage gradient. 

The plotted curve is based on the following values for Ghion
Jimma: 

RI. = 1.40 meters, and 
V, = 2.64 percent (mean of sections plotted). 

It is clear that the rates of loss on this experiment were 
generally considerably higher than those experienced in Kenya. 
The reasons for this included a lack of good mechanical 
interlock as a result-Of the material grading and the.problem of 
traffic pushing loose material beyond the edge of the road. 
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FIGURE 12 Gravel loss for Ghion-Jimma experiment. 

The results of the Welkite site (Sections l to 6) indicate a 
high rate of loss on Sections 5 and 6, both of which corrugated 
badly. A high loss was also indicated on Section 2, which was 
noticeably rougher than adjacent sections at Welkite. The 
results at Gibe are particularly difficult to interpret because of 
problems with measurements on curves and with benchmarks. 
However, the results suggest that the Dadale material on 
Sections 9A and 10 exhibited approximately twice the rate of 
loss as the km 167 material on Section 11. The mean loss of 
material for all sections after 9 months from reliable sections 
that were surfaced with Dadale gravel (Sections 2, 4, 9A, 10, 14, 
and 15) was 37 mm. This figure can be compared with the 27 
mm lost from Section I and the 16 mm lost from Section I I, 
both of which were surfaced with km 167 material. 

DISCUSSION OF MATERIAL PERFORMAN..CE 

Effect of Aggregate Size on Vehicle Operating Cost 

One of the main difficulties in using weathered volcanic gravels 
is to find material that does not contain large amounts of 
oversized aggregate. The experiments on the Ghion-Jimma 
road show that such gravels can be used to make a strong base, 
but the presence of oversized material creates a very rough 
surface. An assessment was made, using the data presented in 
Figures I 0 and I I, of the likely increase in vehicle operating 
costs as a result of the larger aggregate in relation to the cost of 
improving the grading. 

Studies performed in Kenya and elsewhere have produced 
data that relate vehicle operating costs to road standards (7-10). 

A relationship has been extracted between vehicle operating 
costs and roughness for typical vehicles on these experiments 
(Figure 13). It should be remembered when a comparison is 
made that the values shown for roughness above about 
I 0.0 m/ km are not well-established. The measurements of 
roughness in Ethiopia used a vehicle that had not been 
calibrated over the whole range of roughness values. However, 
the results show that the roughness of the test sections using 
oversized material in Ethiopia were higher than that predicted 
by the relationship that was based on finer-grained gravels 
found in other countries. A conservative estimate of the 
increase appears to be about 4.0 m/ km. It can be seen from 
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FIGURE 13 Relationship between vehicle operating cost and 
roughness. 

Figure 13 that this causes an increase of about 40 percent in the 
vehicle operating costs, which, for a road that carries 30 vpd, 
represents an extra annual cost of about$ l ,200. 

Cost-Effectiveness of Material Processing 

Such nonstandard materials can be processed to meet specifica
tions in two main ways: screening or crushing. A variation of 
the second method is the travelling rock breaker. It is a form of 
hammer crusher that has been recently tested in many countries. 
In a recent example from Australia a cost of$2.00/ m3 is quoted 
to process gravel on a road, which is equivalent to a cost of 
$2,000/ km (11). Similar costs have been quoted in Botswana, 
and they were equivalent to the alternative of using a stationary 
plant. 

Even if the increased costs of operating such equipment in 
Ethiopia are allowed, a strong case exists for processing 
material to decrease surface roughness on roads in which traffic 
levels are greater than about 50 vpd. These costs are based on 
the vehicle cost savings quoted in this paper. 

Recommendations for Gelemso-Mechara Gravels 

Of the three sources of weathered basalt material that were used 
to construct the I 0 experimental sites on the Gelemso-Mechara 
road, two were obtained from borrow pits in dolerite dykes. 
They provided gravel that met ETCA specifications and 
performed well on the road. The third type of material was from 
a basaltic lava flow. This material did not meet ETCA 
specifications and the rut depths were 50 percent greater than 
normal. This gravel could be improved either by the addition of 
I 0 percent sand or by crushing. Because the crushed material 
corrugated, it is recommended that the addition of fines is the 
most effective way to improve performance. The depth of ruts 
appears to increase linearly with traffic, but the rate of increase 
depends on the material type and the gradient of the road. The 
different subgrades and the difference in layer thickness did not 
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appear to affect the performance of the gravel. The grid roller 
did not significantly improve the properties of the gravel. The 
petrographical studies showed that the basalt rock from km 62 
was typical of the basalt that covers about half of Ethiopia. 
Therefore, the results of the experiment can be applied to other 
regions with similar climatic characteristics. 

Recommendations for Ghion-Jimma Gravels 

The worst deformation occurred on Sections 5 and 6, which 
corrugated badly . The reaso n for these corrugations is not clear 
because none of the materials tests indicated what was 
responsible for them. The corrugations can most likely be 
related to the fact that the vehicle speeds of these two sections 
were higher than those of adjacent sections. All gravel surfaci ngs 
rutted to a certain extent, but the amount and rate of increase 
was highly variable and could not be related to either the road 
geometry or the different materials used. When it is considered 
that the Welkite and Gibe sites were subjected to high traffic 
loads for a gravel road during the experimentation period, and 
that they did not receive any maintenance, the materials 
performed satisfactorily from the point of view of resistance to 
deformation, with the exception of those that corrugated . 

The main problem with the materials was the high values of 
roughness that were obtained. Using this scale of indices, riding 
4ualities for gravel roads in good condition would normally be 
expected to have values of betwee n 5.0 and I 0.0 m/ km. Roads 
with indices greater than 15.0 would usually be considered too 
rough. The two sections of km 167 material that corrugated had 
very high indices and three out of the five sections of Dadale 
material had indices in excess of 15.0 m / km. The oversized 
material from the Dadale quarry probably accounted for the 
high readings on these sections. The road curvature ·a nd 
gradient appeared to have little effect on the performance of the 
materials. It would be cost-effective to crush or screen materials 
from both sites to reduce the amount of oversized material for 
roads that carry more than about 50 vpd. 

Performance Modelling 

In cases of rutting, roughness, and gravel loss , the results of 
deterioration with time and traffic were compared with pre
dictive relationships that were developed for volcanic gravels in 
Ke nya (2). These relationships were developed to be incor
porated into such road investment models as RT! M2 and 
HDM-111 (12, 13). 

Sections at the Wei kite site of the Ghion-Jimma experiment 
showed good agreement on the development of rutting with 
traffic when compared with similar studies performed in Kenya. 
However, there was poor agreement between the Kenyan 
relationships and results from other sites in which traffic levels 
and the speed environment were lower. 

The scatter on the results obtained in this study makes them 
unsuitable for the development of performance relationships, 
spec ifically weathered basalt gravels. However, work is in 
progress at TR R L to combine these results with other studies 
performed in Ethiopia, Kenya , Ghana. and Brazil to provid e 
generalized road deterioration relationships for a range of 
gravel types and climatic conditions(/, 2, 14-16). 
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Theory of the Use of Low-Strength 
Granulated Materials in the Construction 
of Low-Volume Roads in the USSR 
VALERY A. SEMENOV 

An original theoretical model for packing particles that are not 
uniform in either size or shape is presented in this paper. A 
solution was obtained for the packing density and contact 
strength in multi-component mediums, and nomograms were 
constructed from the theoretical solutions. A method was 
developed for theoretically determining the density of soils and 
granulated materials. A practical method for determining the 
type of roller to be used for packing is also proposed. The use of 
the theoretical soluJions that were obtained has allowed local 
low-strength materials to be widely used in the construction of 
local roads in the USSR, which substantially reduces the cost of 
road construction. 

Local low-strength materials and industrial byproducts are 
used for highway construction in many countries. The strength 
of these materials averages 30 to 40 MPa, Consequently, they 
fragment during the packing process, which creates a large 
number of fine particles (up to 22 percent). The process of 
particle fragmentation continues over the lifetime of the road, 
which lowers the usable lifetime of the pavement to 5 to 7 years. 
Stronger materials, with a strength of80 to 140 M Pa, undergo a 
similar, but slower, fragmentation process. The particles frag-

School of Highway and Agricultural Construction, Highway Depart
ment of The Polytechnical Institute of Vladimir, Gorky, 87, Vladimir, 
600 005, USSR. 

ment because of the high contact stresses that arise in the 
material. The reduction of these stresses during the packing 
process and under exposure to traffic will allow low-strength 
materials to be used and their usable lifespan in road coverings 
to be increased. However, no methods for calculating the 
contact stresses in complex stochastic media (any real granulated 
material, such as crushed stone, gravel, sand, and soil) currently 
exist. The purpose of this paper is to develop a theoretical 
model and engineering methods for calculating stresses in 
granulated materials. A stochastic model and theoretical nomo
grams for calculating the contact stresses have been developed. 
The proposed model includes the packing of particles of various 
sizes and shapes. The results presented here are based on 5 years 
of research performed at the Vladimir Polytechnical Institute in 
the USSR. 

THEORETICAL MODEL FOR DETERMINING THE 
PACKING DENSITY OF A STOCHASTIC MEDIUM 

The packing density of a stochastic medium can be determined 
from geometric considerations by averaging the results of a 
large number of iterations in regard to random packings that 
are composed of individual particles. The number of iterations 
is determined by the required calculation accuracy and ranges 
from 100 to 300. 

The particle sizes in each iteration are selected randomly 
(using the Monte Carlo method, the Korobov algorithm, or a 
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table of random numbers). The continuous-sorting method can 
also be used. The volume packing density p is defined as 

p = 

where 

v = 

v = 
f(r) = 
n = ,_, 

f v(r)f(r)dr 
D 

J V(r)fir)dr 
D 

(l) 

the volume occupied by the particles of the material in 
an arbitrary tetrahedron, 
the volume of the tetrahedron, 
the particle size distribution function, and 
the region in space (r min~ r :::=:; r max'r > 0). 

The variables r min and r max are the minimum and maximum 
sizes of the particles of material in the packing. 

This formula can be used as long as the following condition is 
satisfied: 

'1 '1 r 1'1 + + __ _ (2) 
r3 ''2'3 

where r 1, r 2, r3, and r 4 are the radii of the particles in the packing 
in a given iteration and r 4 is the minimum radius. 

An analysis of Equation 2 showed that the proposed model 
can be used for any highway construction material or soil. The 
volume density pis determined by using Equation l to average 
the results of determining the density of a packing consisting of 
four random radii at each iteration. The calculation procedure 
presented later is used to determine the packing density at each 
iteration. A diagram that illustrates the determination of p is 
presented in Figure 1 (in which 0 1, 0 2, 0 3, and 0 4 are the 
centers o_f the particles that are in contact). 

01 

FIGURE 1 Theoretical diagram for stochastic 
packing. 
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The expressions for the density of packing of the material 
from geometrical considerations are determined as follows. A 
detailed derivation of the equations is presented in a report by 
Semenov (1). 

V= _!__ "'' 2 3 'f 4CTp4 - 0"3; 

where 

C11 =r1+r2+r3+r4, 
C12 = '1'2 ... '1'3 + '1'4 + 'i"3 + 't"4 + r3r4. 
CT3 = 'i':f3 + '1''2'4 + 'i'3'4 + 'i"3'4• and 
0"4 = '1'i"3'4 

2 
cos y ij = ----;:========----

y iJ is the dihedral angle with edge 0 10 2• 

(3) 

(4) 

The stochastic model that was developed for the dense 
packing of particles of soil and other materials can be used 
extensively in highway construction and maintenance. It is thus 
possible to calculate the theoretical density of asphalt concrete, 
cement concrete, crushed stone, gravel, and soil. This allows 
density norms to be substantially improved and an optimal 
production technology to be developed. It is also possible to use 
this model to calculate the contact stresses in particles of 
material, for which it i~ necessary to determine the individual 
contact area between the particles in the material and the total 
number of contacts in a random cross-section. 

DETERMINATION OF THE AREA OF CONTACT 
BETWEEN PARTICLES IN THE MATERIAL 

In order to determine the area of contact, it is assumed that the 
particle size distribution is known. The particles are represented 
by two concentric spheres with radii R 0 and R 1 given by the 
minimum and maximum particle radii (~ee Figure 2a) . It is 
assumed that there is some probability p(x) for material to be 
found within a sphere of radius R 1; this probability is equal to 1 
for a sphere with radius R0. The probability p(x) is obtained 
from experimental data. It is assumed that some interpenetra
tion of spheres is possible; the amount of interpenetration is 
denoted by "a" (Figure 2b). 

Assume that the area formed by rotating the line AB about 
the point C is the area of contact. The area of contact can now 
be determined by the following equation: 

R 1 sin a 

( '1 SAB = 21T ftp I t 2 + RT cos 2 a ) dt (5) 
0 

where 

ex = I, 

0 1A = R 1, and 
0 1C = R 1 cos a. 
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FIGURE 2 Diagram for determining the area of contact between particles. 

The variables are then changed as follows : 

SAB = 
R1 

2rr J xp 1 (x) dx 

R1 cos a 

If two particles of different size participate in the contact, the 
area of contact can be given by the arithmetic mean of the areas 
of contact for each particle, as follows: 

The parameters a, /J, and a must be expressed in probabilistic 
form by representing the contact between the particles using 
graphs of the probabilities p 1(x) and p 2(x) (Figure 3). Assume 
that the parameter that describes the depth to which the spheres 
penetrate one another is CD = j. It is known from Figure 3 that 

AD = r 1 - t' 1 _ 1and BD = R 1 - 11 _ J 

where I 1 _ J and I' 1 _ J are the ( 1 - j)th quantiles. 

~ (x) ~(X) 

1---..:-- -- -- - - -- -- -- --::.=--"""T 

ro 
FIG URE 3 Diagram for calculating the depth of interpenetration for 
the spheres used to model the particles of material. 

It has now bee n found that a= r 1 + R 1 -(1 1 -J+ ( 1 _); 

Equation 6 can therefore take the following form : 

(7) 

(6) 

Equation 7 can now be rewritten as follows: 

'1 ] +. J t 2Ji (1) dt - j (IT - j + t' T - ) 
I I -j 

(8) 

Equation 8 is a general expression for determining the contact 
area between particles. Several specific examples will now be 
discussed. 

Example 1 

When both particles have a uniform distribution of radii, it is 
found that 

I 1 _ i = R 0 + (I - J)(R 1 - Ro) = R 1 - j (R 1 - Ro). 

Then, 

(9) 

Equation 9 can then be used to construct a nomogram 
(Figure 4). Let R 1 = 2 cm, R0 = I cm, andj = 0.5; then, 

3.14 

4.3 
(2.1) (3 X 2 - 2 X 0.5 (2 -1)) = 1.3 cm 2. 

The surface area of the larger sphere is 

S 1 = 4rrRf = 50.2 cm2. 

Thus, the relative area of contact is 

s,eJ = 
1.3 X JOO 

50.2 
= 2. 7 percent. 

Let r av equal 2 cm, and a equal 0.2 cm. Then, s1 equals 1.07 
cm2 (Figure 5), which is about 2 percent of the surface area of 
the larger sphere. Let 
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Fl G URE 4 Nomogram for determining the areas of contact between 
particles with a normal distribution of radii. 

FIGURE 5 Nomogram for determining the particle contact area 
when the particle radii are normally distributed. 

2 cm, ci: 0.10,!: 0.5'. then SJ: 0.26 cmi 
2 cm, Ck= 0.04'.1. = 0.5'. then SJ - 0.0~ cm , 

2
. 

2 cm, C v- 0. 10.J - 0.3, therefore, s1 - 0. 10 cm , 
I cm, ct= 0.10:) = 0.5; therefore, s1 = 0.064 cm2; 

where C vR is the coefficient of variation of the particle radii . 
Thus, the area of contact increases with increasing). C vR• and 

Rav· 

Example 2 

Normally distributed particle radii are shown in Figure 5 and 
the Weibull distribution of particle radii is shown in Figure 6. 
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FIGURE 6 Nomogram for calculating the area of contact between 
puticles that have a Weibull distribution with variable parameters. 

This solution has been thoroughly tested by N. M. Egorov, an 
engineer at the Vladimir Polytechnical Institute . The value of) 
for individual particles of crushed stone varied over a wide 
range, from 0.071 to 1.000, with an average value of) = 0.5. The 
contact area between the particles ranged from 3 to 707 mm 2. A 
comparison of the theoretical and experimental values of the 
contact area showed that the difference between them is no 
greater than 12 percent. Therefore, the solution obtained earlier 
can be used extensively in practical calculations. 

DETERMINATION OF THE NUMBER OF CONTACTS 
BETWEEN PARTICLES OF MATERIAL IN A RANDOM 
CROSS-SECTION 

In order to determine the contact stresses, an expression must 
be obtained for the number of contacts in an arbitrary plane 
that passes through a volume of granulated material. Imagine 
that there is a connection between the particles in the form of 
tl)_e edge of a graph (a line. that con_nects the _centers of the 
particles). The probability that this edge (AB) is intersected by 
an arbitrary plane rr must be determined (Figure 7). The spatial 
position of the edge in space can be characterized by three 
numbers: 1) the length of the edge I; 2) the distance from the 
center of the edge to the intersecting plane x; and 3) the angle 
between the edge and the horizontal e. These are all random 
quantities with corresponding probability density functions: 
p(l), p(x), and p(fJ). The limits of variation for I min :::; I :::; 1 max• 

0 :::; (J :::; rr / 2, and 0 :::; x :::; L. Assume that the quantity x is 
uniformly distributed, so that 

1 

/

--;, x f [OL] 

p(x) = 

0 x f [OL] 
(10) 
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B 

FIGURE 7 Theoretical diagram for determining the 
number of contacts between particles in a plane passing 
through the packing. 

The edge is intersected by the plane rr if and only if x < (I/ 2) 
cos 8. The probability that the edges intersect the plane is 
designated by "p." Then, 

p = JJJ) p (£ ) p (8) p (x) d R d8 dx 
(v 

I rr / 2 
av 

f cos 8 p (8) dB 
2L o 

where Vis the volume of the material. 

( 11) 

The number of particles within the volume V can be obtained 
from the following equations: 

4rr 
LSp 

3 
N = p 

3LSp 

41Tr~v 
(12) 

where Land Sare the dimensions of the volume being studied 
(see Figure 7), p is the volume packing density of the material, 
and r av is the mean particle radius in the packing of the material. 

The number of contacts between particles in a volume Vis 

Q, = 
3KLSp 

8rrr~v 
(13) 

where K is the coordination number. The number of the right 
hand contacts intersected by the plane 1T is 

Suppose 8 is distributed uniformly on [0,rr/2] as follows: 

p (8) = 

Pr = 

; i 1T I 0 [O, 1T I 2] 

0 I 8 [Orr / 2] 

2 
x 

2L Tr 

3Sp'K 
Q, =----- (15) 

81T2r~v 

(14) 

( 15) 
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If it is assumed that on the average, /av= 2r av' and that the 
total number of intersected-contacts = Q, + Q, ~ 2Q,, then the 

following can be obtained: 

Q = 
3pSK 

(16) 

Other distribution laws for 8 lead to the theoretical formulas 
given by Semenov (1). The solution obtained is in good 
agreement with the formula obtained by Rumpf; the difference 
is no greater than 5 percent (2) . A comparison of Equation 16 
against the test data of Zimin and Timchenko and Andriyanov 
and Zimon showed that the difference was no greater than 12 
percent, which is sufficiently accurate (3, 4). 

The areas of contact between particles have been determined. 
The calculation of the total area of contact between the particles 
in a random intersecting plane and the actual contact stresses is 
now relatively straightforward. The practical use of the theo
retical solutions obtained in this paper will now be discussed. 

EXAMPLES OF THE PRACTICAL USE OF THE 
THEORETICAL SOLUTIONS 

Example 1 

The contact stresses that arise upon compression of a sample of 
asphalt concrete when the particles of the material have a 
uniform distribution will now be calculated. The maximum and 
minimum radii of the spheres (which is determined by the 
maximum and minimum size of an individual particle) can be 
written in the following way with a 95 percent confidence 
coefficient. 

(17) 

Assume that the degree of interpenetration of the spheres is 
y = 0.5, and that the number of contacts between particles is 8. 

The ratio of the increase in the contact stresses to the mean 
strength of the sample can be calculated as follows : 

where 

p 
s 

= 
= 

-=-p _S_ = 

FcorP 

s 

the pressure on the sample, 
the area of the sample, and 

(18) 

the area of the contacts between particles in a random 
cross section. 

The value of Fcon can be obtained from Equation 9 using 
Equation 16 as follows : 

(19) 
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where a; is the fractional content of the i th fraction (i = 1, 2, 3, 
... , n). By substituting Equations 12 and 17 into Equation 18 and 
rearranging, the following equation is obtained. 

1T 

4pCv (3 + 2 .,) 
(20) 

Equation 20 was used to construct the theoretical nomogram 
shown in Figure 8. It is apparent from Figure 8 that the smaller 
the coefficient of variation in the particle size, or the closer the 
particles come to being spherical in shape, the higher .the 
contact stress in the material. 

The strength of the sample therefore essentially depends on 
the shape of the particle, which is now ignored. For all practical 
purposes, the contact stresses are inversely proportional to the 
density. 

9 

1 
0.6 0.8 p 

FIGURE 8 Ratio of the contact stresses and mean stresses when 
testing samples of material for compression, expansion, or deformation 
as a function of the density of the material. 

Example 2 

It is to be determined whether crushed granite will be fragmented 
during compaction if the particle strength is 100 MPa, the 
coefficient of variation of the particle sizes C v = 0.04, the 
packing load is 30 MPa, and the required density p = 0.9. The 
permissible value of Cv = 0.07 was obtained by using the 
nomogram shown in Figure 8. Consequently, if this degree of is 
achieved, the material will fragment. 

Example 3 

The compaction of granulated material by rigid rollers will now 
be discussed. The exterior load was taken from the Hertz
Belyaev solution for an i infinite cylinder of radius R (5). The 
maximum stress in the center of the loaded area can be 
calculated as follows: 
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U max= -;:o=.5=6=42=- ~ 
V i-µ2 ~ R 

(21) 

where µ and E are Poisson's coefficient and the modulus of 
elasticity (MPa) of the material being packed, and q is the linear 
load per unit length of the roller (H /cm). 

It is assumed in this calculation that a load u max is applied to 
an area d

0
v by dav (where dav is the mean size of the packed 

particles in cm). Using Equations 17 through 19 and 21, the 
following is obtained. 

12 
(22) 

The shape of the crushed stone therefore substantially affects 
the contact stresses directly beneath the roller by up to a factor 
of 12. The contact stresses in the lower layers of the packed 
material can be calculated using the data in Figure 8. A 
comparison of the data in the following table and Figure 8 
shows that the contact stresses in the second and subsequent 
layers of material are approximately a factor of three smaller 
than the stresses directly beneath the roller, which would lead to 
fragmentation of the upper layer during the rolling process. 
Equation 22 was used to construct the following table, which 
shows the value of Kk in the compaction of material by rigid 
rollers, and in which U stands for uniform distribution and N 
stands for normal distribution. 

0.02 0.06 0.10 0.14 0.18 0.30 

Value 
of Kk u 62.82 20.40 11.94 8.32 6.32 3.54 
for 
various 
distri- N 78.80 25.63 15.02 10.48 7.97 4.48 
butions 

Therefore, the shape of the crushed stone substantially affects 
(by up to a factor of 12) the contact stresses directly beneath the 
roller. The contact stresses in the lower layers of the packed 
material can be calculated using the data in Figure 8. A 
comparison of the data in the previous table and Figure 8 shows 
that the contact stresses in the second and subsequent layers of 
material are approximately a factor of three smaller than the 
stresses directly beneath the roller; this leads to fragmentation 
of the upper layer during the rolling process. 

In order to decrease the extent to which the material in the 
surface layer becomes fragmented, the diameter of the roller 
must be increased without increasing its weight, a layer of 
elastic material such as rubber or canvas must be applied, fine 
crushed stone or other material capable of increasing the 
contact area on top of the upper layer before rolling must be 
spread, and vibrating rollers must be used. When the sizes of the 
particles in the material being packed are normally distributed, 
the following equation can be calculated. 

4 
(23) 

Trr (2 + rr-) 
v \ 2 \j----; 
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The theoretical results of this equation are given in the previous 
table. The value of kk for the normal distribution is an average 
of a factor of 1.255 times greater than that for the uniform 
distribution. 

Example 4 

The contact stresses will now be calculated for various rigid 
rollers: light (less than 5 metric tons), medium (5 to 10 metric 
tons), and heavy (10 to 16 metric tons). A mean density of 
p = 0. 7 is used in the calculation. The results of the calculation 
are given in three nomograms (Figures 9 to 11), which may be 
used to select the roller type. 
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FIGURE 10 Contact stresses in crushed stone when packed by a 
medium-weight roller. 
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FIGURE 11 Contact stresses in crushed stone when packed by a 
heavy roller. 

In order to calculate the contact stresses in the surface layer, 
the data in Figure 8 must be increased by a factor of 3. The 
nomograms obtained (Figures 9 to I I) allow one to select the 
type of roller to be used in packing granulated materials. 

Suppose that the type of roller to be used for packing fine 
limestone with a strength of 60 MPa must be selected. The 
conditions given in Table 1 must be satisfied to avoid crushing 
the material. 

Therefore, in order to preserve the particle size in the 
material, the material must be laid on a base ofless strength; the 
weaker the material, the weaker the base should be. The 
material itself should be nonuniform in regard to particle size. 
When the material becomes fragmented, the coefficient of 
variation of the particle sizes increases significantly; this leads 
to a sharp decrease in the contact stresses. This point is 
confirmed by the test data of E. A. Pospelov, which were 
obtained under the guidance of the author. 

Example 5 

When the material is packed by a pneumatic roller, the force is 
transmitted through the raised portions of the tread of the 
roller, so the pressure on them is greater than the mean pressure 
of the wheel on the packed layer. The pressure under the raised 
portions of the tread for some of the rollers that are currently in 
use varies over a wide range from q = 0.42 to 2.4 MPa; for the 
most widely used rollers, the range is q = 0.42 to 1.6 MPa. 

The data in Figure 8 can be used to calculate the contact 
stresses within the layer of material being packed. The data in 
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TABLE I SELECTION OF ROLLER TYPE WITH THE CONDITION THAT THE 

MATERIAL CANNOT BE CRUSHED UPON ROLLING 

Necessary Conditions for Rolling 

For the Lower Layers of 
the Material Being Packed 

For the Surface 
Layer 

Type of 
Roller Cy 

Light 20.04 

Medium 20.04 
20.03 

Heavy 20.06 

20.04 

the previous table can be used to calculate the contact stresses in 
the surface layer. Suppose that the air pressure in the roller tires 
is 0.6 MPa. If the structure of the tread is taken into account, the 
pressure will be 0.6 X I. 7 = 1.02 MPa. The degree of packing of 
the material is assumed to be p = 0. 7, and the coefficient of 
variation for the particle sizes is assumed to be C v = 0.06. The 
contact stresses within the layer will then be CT k = 6 X 1.02 = 
6.12 M Pa, and the stress at the surface will be CT k = 20.4 X 1.02 
= 20. 8 M Pa. If the fragmentation resistance of the material is 30 
MPa, the material will not become fragmented under these 
packing conditions, at least not to a great extent. 

CONCLUSIONS 

The theoretical solution presented in this paper is a method of 
calculating the engineering conditions for the construction of 
layers with low-strength materials. The use of this method in the 
development of technology for packing local low-strength 
limestone in the Vladimir region of the USSR has made the 
wide use of local materials and industrial byproducts possible. 
The usable lifespan of such materials in highway pavement was 

E, MPa Cy E, MPa 

::::210 2 0.08 ::::: 110 
2 0.10 :S::l70 

:S::l 10-190 20.10 :S::80-160 
:S::60-l l 0 2 0.08 :S::60-100 
:S:: l 50-220 2 0.18 ::::: 170 
:S::70-1 IO 

increased by a factor of 1.2 to I. 5; their modulus of elasticity 
was increased by a factor of I. I to 1.3. 

The solution obtained in this study can also be used to 
calculate the composition of the mineral mixture for asphalt 
concrete, cement concrete, and other materials. The theoretical 
solution can also be used to improve the results of laboratory 
tests of soils and materials . 
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The Use of Site-Specific Truck Traffic To 
Evaluate the Performance of Surface-Treated 
Pavements 
DAN R. MIDDLETON AND JOHN M. MASON, JR. 

A comprehensive procedure is described that can be used to 
examine the effects of unique truck traffic on surface-treated 
pavements. Detailed regional and site-specific truck traffic 
information was collected, and a computer program was 
modified to model pavement performance under baseline and 
special-use truck traffic conditions. The program estimated 
various types of pavement distress and provided a basis for the 
selection of appropriate pavement maintenance strategies. The 
analysis procedure began with oil and gas field activities and 
was expanded to include several other load-intensive, special
use commodities such as timber, grain, cattle, cotton, produce, 
sand and gravel, and limestone. The unique traffic charac
teristics of these vehicles were investigated over a 3-year period. 

A report on low-volume roads in oil-producing areas in Texas 
was presented at the Third International Conference on Low
Volume Roads (1). A pavement analysis procedure was de
veloped in which life-cycle costs for thin-surface-treated pave
ments could be computed. Although the estimates developed in 
the first study of oil field damage provided site-specific 
information for assessing the impact of oil field traffic on low
volume, light-duty pavements, the analysis procedure was 
found to be applicable to other special-use industries. 

Special-use industries generate traffic that originates or ends 
on low-volume roads. This traffic is often atypical in terms of 
travel patterns, trip lengths, truck configuration, and axle 
loads. The travel patterns of these users tend to be cyclical in 
nature; the same trip is made, in some cases, several times in a 
typical day. Trip lengths are relatively short, usually less than 
100 mi. The origin and destination may remain the same month 
after month, but eventually either the location of the origin or 
the destination changes after a period of time. Axle loads are in 
many cases greater than normally expected, although they 
generally a re not well documented . Trips generated by these 
special-use activity centers eventually pose problems in the 
planning, design, and maintenance of the highways that serve 
their need. 

SPECIAL-USE ACTIVITY CENTERS 

The special users identified in this study fall into the two broad 
categories of agriculture and surface mining. A list of specific 

D . R. Middleton, Texas Transportation Institute, Texas A&M 
University System, College Station, Tex. 77843-3135. J.M. Mason, Jr., 
Post, Buckley, Schuh, and Jernigan, Inc., 5300 W. Cypress St., Suite 
300, Tampa, Fla. 33607. 

commodities was modified as industry characteristics were 
determined ; the selected commodities a re as follows : 

Agriculture 

Timber 
Grain 
Beef cattle 
Cotton 
Produce 

Surface Mining 

Sand and gravel 
Crushed stone 

A flow chart of the study procedure is shown in Figure I. 
Two scenarios are presented, one for current maintenance 
activities and the other for planning and design. In either 
scenario , site-specific trip generation rates must be determined 

(FOR MAINTENANCE:) 
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FIGURE I Study flow chart. 

(FOR PLANNING/DES !GN: ) 

Establish 
Des 1 gn 
Peri ad 

Se l ect 
Growth 

Scenari as 



124 

for each activity center listed above, followed by a determina
tion of the total trips of all activity centers nearby. The baseline 
traffic must be determined or estimated for the design year in 
order to establish incremental damage due to special-use 
activity centers. 

The assignment of traffic can be accomplished with knowledge 
of specific industry characteristics. The affected network can 
then be approximated, and traffic can be assigned to study 
sections from appropriate activity centers. The computer 
program can then be used to predict pavement damage over 
time. 

Methods of Collecting Information 

First, several public agencies were contacted to determine what 
information already existed. In most cases, site visits to one or 
more of the activity centers of each commodity were conducted, 
which included interviews with key industry personnel. Tele
phone interviews were also used to supplement office interviews. 
Information gathered by interviews is shown in Tables I 
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and 2. During the first year, manual classification counts were 
conducted at three timber activity centers, or mills. 

The second year's data collection effort was focused entirely 
on individual activity centers and the site-specific impact of 
each center. The specific information sought was the radius of 
influence and the trip generation rates for activity centers of 
each special-use commodity. The radius of influence represented 
the maximum distance from an activity center at which 
vehicular traffic was generated. For trucks, the radius of 
influence was usually thought of as the haul distance from the 
loading site to the load destination or unloading site. 

A random selection procedure was used to determine which 
activity centers should be studied throughout the state. This 
procedure involved the development of sample plans in such a 
way that the truck trip generation factors obtained would be 
representative of the entire state and be descriptive of variation 
in activity center size. In most cases, a two-stage process was 
used to select activity centers for manual and machine counts. 
The first step involved a random selection of counties in which 
the commodity was produced. The second stage involved a 
random selection of activity centers from the selected counties. 

TABLE I SPECIAL-USE COMMODITY SUMMARY FROM OFFICE INTERVIEWS 

Average Daily 
Truck Tripsa Typical Typical Weight 

Commodity Common Radius of Range ( 1,000 lbs)b 
(Activity Truck Activity Center Influence Peak 
Center) Silhouettes Average Large (Miles) Tandem Axle Gross Vehicle Season 

Timber Mills 

Paper 350 55oc 50 32-38 74-86 Mar.-Nov. 

Plyw<;>0d 150 350 50 32-38 74-86 Mar.-Nov. 

Particleboard 150 300 50 32-38 74-86 Mar.-Nov. 

Sawmill 150 250 50 32-38 74-86 Mar.-Nov. 

Grain elevator 200 400c 20 32-40 76-90 May-July 

Beef Cattle Feedlot 60 90 600 32-35 76-82 Year Round 

Produce Distributor 200 500 20 32-36 72-80 Mar.-Apr. 

Cotton Gin 40 110 20 30-36 72-82 Sep.-Dec. 

Sand and Gravel Pit 600 1.1ooc 60 32-36 70-80 Mar.-Nov. 

Limestone Quarry 1,400 2,8ooc ..- 120 32-36 70-80 Mar.-Nov. 

a One-way trip (one origin, One destination). 
b Oased on experience, conversation, limited weight information, and other research projects. 
c ruck trip generation depend~ on percent rail. Rail i.s assumed to have negligible influence at these activity c~nters. 
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TABLE 2 SPECIAL-USE TRIP GENERATION FROM INTERVIEWS (PEAK SEASON) 

Location Number of 
(Activity Passenger Cars 
Center) per Day 

Timber Mills 
Pulpwood 1,800 
Plywood mill 650 
Particleboard 650 
Large sawmill b 

Average sawmill 240 

Grain Elevator 8-10 

Beef Cattle 
Large feedlot 110-140 
Average feedlot 50-60 

Produce 
Large distributor 400-500 
Average distributor 120 

Cotton Gin 

Sand and Gravel 
Large pit 140 
Average pit 

Limestone 
Large quarry 800 
Average quarry 300 

a One-way trips (one origin, one destination). 
b Data are unavailable. 

The number of activity centers selected throughout the state 
were as follows: 

Commodity 

Timber 
Grain 
Beef cattle 
Cotton 
Produce 
Sand and gravel 
Limestone 

Number of Sites 

13 mills 
12 elevators 
10 feedlots 
12 gins 
6 distributors 

15 pits 
15 quarries 

Thus, from a total of several hundred activity centers 
statewide, 83 were selected for observation. A manual count 
procedure was used almost exclusively because of the difficulty 
in finding machine count stations that would clearly represent 
only traffic generated by the activity center. 

The standard manual count form is depicted in Figure 2. A 
I-day vehicle classification count was made for each site 
selected using 15-min intervals for all traffic entering and 
leaving the facility. Vehicles were classified as follows: SU-I 
(single-unit, two-axle truck), SU-2 (single-unit, three-axle truck), 
2-S I (two-axle tractor, one-axle semi-trailer), 2-S2 (two-axle 
tractor, two-axle semi-trailer), 2-S 1-2 (two-axle tractor, one
axle semi-trailer, two-axle full trailer), and so forth. The period 
of on-site observation ranged from 8 to 18 hrs. After the first 
year, data were collected in 3-day counts at each site to improve 
their reliability . 

Percent of One-Way Truck Trips Maximum 
per Day Daily 

SU 

21 
5 

12 
4 
7 

88 

II 
16 

40 
23 

65 

5 
5 

5 
5 

Truck 
3-S2 Other Trucks Trips a 

75 4 550 
90 5 325 
84 4 300 
80 16 250 
80 13 150 

12 0 400 

89 90 
84 50 

40 20 500 
59 18 220 

13 22 110 

95 1,000 
95 550 

95 2,000 
95 1,000 1,000 

Pertinent Agriculture Industry Characteristics 

Timber 

Three types of mills-plywood, particleboard, and sawmills
were selected for evaluation. Logs were hauled from a cutting 
site to various mills at an average distance of 60 mi, and 
sometimes as much as 100 mi. 

For practical purposes, trip generation at the cutting site was 
evaluated on a per-acre basis. Too many variables usually exist 
to accurately evaluate trips on a time basis. However, if 
inclement weather and machinery breakdowns are ignored, the 
following are the approximate monthly averages to be expected 
for a small, average, and large contractor in Texas: 

No. of 3-S2 Loads0 

Contrac/or 
Size No. of Acres Month Dayh 

Small 
Clear 20 45 3 
Selective 45-50 

Average 
Clear 50 100 5 
Selective 100 

Large 
Clear 150 300 15 
Selective 300 

a Using 2.5 truck loads per acre, clear cut, and I truck load per acre, selective cut. 

bu sing a 5-day work week. 
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TEXAS TRANSPORTATION INSTITUTE 
CIRCLE IF APPLICABLE: 
IN= NORTH OUT=SOUTH DATE: ___ ____ _ 

OR LOCATION: _ ____ _ 

IN=EAST OUT=WEST RECORDER: ____ _ 

...._ ¥11111 ..... 
PASSENGER SU-1 SU-2 

TIME IN OUT IN OUT IN OUT 

FIGURE 2 Standard manual count form. 

.... 
2-s1 

IN OUT 

Trip generation rates for large plywood, pulpwood, and 
particleboard mills were observed to be in the range of 200 to 
400 one-way trips per day. Vehicle types surveyed were to be 80 
to 90 percent combination vehicles (predominantly 3-S2). For a 
large sawmill, trip rates were observed to be between 150 and 
300 per day, and 80 percent were made with combination 
vehicles, as shown in Table 3. 

Timber truck movement is affected by the four factors of 
weather, the economy, railroads, and the timber's growing 
cycle. Significant rainfall slows and even completely stops 
timber cutting activity until the ground sufficiently dries. 
Timber truck activities are more intense in the months preceding 
the rainy season because the mills are stockpiling raw materials 
to maintain a constant level of production during the rainy 
months. 

The economic situation is another important influence on the 
timber truck movement. When the construction industry is 
depressed, the demand for finished wood products is low, and 
the timber industry will therefore slow its harvesting efforts. 

The use of railroads by the majority of timber mills, except 
paper mills, is insignificant. Paper mills receive some of their 
raw wood material by rail in the form of chips from other mills. 
They also transport some of their bulky paper items by rail, 
such as the paper used by newspapers and magazines. 

Another characteristic of the timber industry involves the 
cycle of tree growth. Once an area has been clear cut, or all trees 
have been removed, it takes 15 to 35 yrs before the stand of trees 
is ready for another harvest. If trees are selectively cut, or only 
the largest trees in the area are removed, cutting may take place 
every 5 yrs. 

Grain 

The activity center of the grain elevator was used for short-term 
storage for those operations that were studied. The stored grain 

COMMODITY: ____ __ _ 

PRIOR WEATHER: ____ _ 
WEATHER: _______ _ 

MAKE NOTES 
ON BACK ... 

2-S2 3-S2 3-2 2-s1-2 

SPECIAL 
VEHICLE 

(DESCRIBE) 

IN OUT IN OUT IN OUT IN OUT IN OUT 

was shipped by truck to feed mills, other elevators, feedlots, and 
ports. The distance from the field to the elevator and from the 
elevator to the feedlot or feedmill was an average of 20 mi, 
whereas the distance from the elevator to a port was 200 to 300 
mi. If the destinations were lohger distances away, the grain was 
typically shipped by rail. Interviews of three elevator operators 
in east Texas yielded the following information: 

Elevator 

A 
B 
c 

Capacity 
(1,000 bushels) 

359 
415 

2,000 

Peak Season S- U Truck Loads 
(Per Day) 

80 
70 

100 

Elevator A received its grain from area farms that were within 
20 mi and sent 85 percent of this grain to a nearby feedmill. This 
feedmill needed one 3-S2 load of grain every I to 3 days. 
Elevator A shipped grain by rail little-or not at all. 

Elevator B shipped 50 percent of its grain by rail, mostly to 
feedmills. Most of the wheat and milo went to Gulf ports. 
Trucks that brought grain to Elevator B were predominantly 
SU-2s, hut some SU-ls carried 25,000 to 36,000 lbs of grain. 
The haul distance was almost 20 mi. The peak intake was 2 
million lbs per day, or approximately 70 truckloads. 

Elevator C received 100 SU-2s during a peak day; each 
carried 12,000 to 30,000 lbs of grain. The grain came from area 
farms that were located within 20 mi of the elevator. The 
feed mill located next to the elevator produced 300 tons of meal 
per day. About 45 percent of the meal was shipped by rail. Other 
information gathered from interviews is given in Tables I 
and 2. 

On-site counts for a I-day period at 13 elevators yielded the 
following information (see Table 3). The total of daily truck 
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TABLE 3 MANUAL CLASSIFICATION TRAFFIC COUNTS 

Average Percentage Total 
Activity of Combination Average percentage Truck 
Center Size Trucks of SU Tripsb 

Timber Mills 
Pulpwood mill Large 83 17 291-435 
Plywood mill Average 80 20 64 

Large 92 8 196-281 
Particleboard mill Large 83 17 305-362 
Sawmill Small 54 46 65 

Average 77 23 82 
Large 79 21 161-264 

Grain Elevator Average 24 76 133-313 
Large 58 42 349-570 

Produce Distributor Small 24 76 23-34 
Average 69 31 125 
Large 44 56 340-379 

Sand and Gravel Pit Small 25 75 58-128 
Average 92 8 97-137 
Large 85 15 240-775 

Limestone Quarry Small 64 36 42-63 
Average 12 88 122-194 
Large 60 40 147-474 

a Based on preliminary survey dma: subject ro change. 
b One-way trips (one origin, one dest ination, and entering and exiti ng), 

trips for average-sized operations was in the range of I 00 to 300 
one-way trips; approximately 80 percent of the trips were made 
by single-unit trucks, and the remainder was made by combina
tions. The number of daily truck trips generated for large 
elevators was 350 to 550, of which 60 percent were made by 
combinations and 40 percent by single-unit trucks. 

Grain movement by truck is heaviest during the harvest 
season, which is May to July in Texas. Movement of grain can 
also be significant during other times of the year, depending on 
the demand at ports, feedlots, or feedmills. The grain is 
generally taken from the smaller storage elevators by truck and 
from the larger elevators by rail. As much as 45 to JOO percent of 
the grain movement from large elevators may be by rail, 
especially for distances greater than 300 mi. A smaller percentage 
of grain, typically 2 to 30 percent, is moved by rail, such as from 
one elevator to another or from an elevator to a feedlot. 

A single-unit, three-axle truck is typically used to move the 
harvested grain from the field to the first elevator. A 3-S2 with a 
bottom-dump grain trailer is most commonly used to transport 
from the first elevator to feedlots, feedmills, or other grain 
elevators. 

Beef Cattle 

The feedlot was selected as an activity center. Trip generation 
rates were directly proportionate to size, given other similar 
factors .. Information gathered from interviews indicated that a 
large feedlot, which had a capacity of 60,000 head of cattle, 
needed 44 3-S2 loads offeed, and shipped nine 3-S2 loads offed 
cattle on an average day . Of the total of 55 employees of this 
feedlot, 40 were on an 8-hr shift, and 15 were employed on a 
24-hr (three-shift) basis. A total of 110 to 140 daily passenger 
car (PC) trip-ends resulted. 

An average-sized feedlot with a capacity of 23,000 head was 
also visited. Trucks that entered this feedlot during each 140-
day cycle consisted of 255 loads (3-S2) of feeder cattle, 270 loads 
(SU) of silage, and 1,050 loads (3-S2) of corn; 510 loads (3-S2) 
of fed cattle left the feedlot. A daily average of 16 loads entered 
the lot and five left with fed cattle. 

Most of the fed cattle were transported to a beef processing 
plant or to the cattle auction, both of which were located an 
average of 30 to 40 mi from the feedlots. Feed cattle were 
brought in from as far away as 1,500 mi. Information gathered 
from interviews is summarized in Tables 1 and 2; Since fi!!ld 
data collected for beef cattle were incomplete, they were not 
included in Table 3. 

Cotton 

The next activity center chosen was the cotton gin. Cotton is 
typically hauled from field to gin in cotton trailers or module 
trucks over an average distance of 15 to 20 mi. Module trucks 
are three-axle, single-unit trucks; cotton trailers typically have 
two axles. 

An average gin that operates 24 hours a day can handle 150 
bales or 15 modules of seed cotton a day. Larger gins can receive 
and process 500 bales or 50 modules per 24-hour shift. Each 
module represents one S U-2 coming into the gin. Trucks 
leaving the gin haul from 50 to 90 bales, typically closer to 90. 
For an average gin, this means almost two 3-S2 loads leave per 
day and for a large gin, about six loads. This cotton is hauled to 
a compress that may be from JO to JOO mi away. 

The harvesting season in the panhandle area of Texas is 
typically October 15 to January 15, depending on the weather. 
Southern parts of the state typically begin to harvest a few 
weeks earlier. Cotton shipped from the panhandle area generally 
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goes in three directions. About two-thirds of the cotton is sent 
to the West Coast and to Texas ports for export. Cotton 
shipped to the West Coast travels by rail, whereas that shipped 
to Texas ports and mills in the southeastern United States goes 
by truck. 

Because field data are incomplete for cotton, the results are 
not included in Table 3. However, the data can be summarized 
as follows. The number of observed trip-ends at small, average, 
and large gins was 50, 40 to 100, and 120 to 150, respectively. 
The variation in observed values is probably due to harsh 
weather conditions that existed prior to the survey, variations in 
length of work day from one gin to another, and the limited 
number of sites (five) surveyed. The compress for three of the 
gins was only 30 to 40 mi away, whereas it wa over 300 mi away 
from the other gins. In one case, couon seeds were hauled 200 
mi. The use of modul;: trucks seemed lo be greater for average
to large-sized gins (average 55 percent) than for small ones. 

Produce 

The produce distributor was chosen as the activity center to be 
studied. The distributor is the first point of processing after 
produce leaves the field. Because a freeze in 1983 completely 
destroyed the citrus crop in Texas, the movement of citrus fruit 
was not included in this analysis. 

A phone interview with a large distributor resulted in the 
following information. During the peak shipping season, an 
average of 200 vehicle-loads (SU-2 and field tractor pulling one 
or two field trailers) per day were received. An average of 75 to 
100, and a maximum of 200, 3-S2 truckloads left per day. A 
total number of 200 to 250 employees worked one shift, 8 a.m. 
to 6 p.m. 

A slightly larger than average distributor was visited. A total 
of 46 loaded field vehicles entered this facility on a typical day. 
These arrivals were fairly constant from 11 a.m. to 4 p.m., and 
very few came in after that time. Fifteen vehicles were unloaded 
during the first hour of operation, from 6 a.m. to 7 a.m. The 
SU-2 (3-axle "bobtail") was commonly used to haul produce 
from the field to the distributor. A limited sample of weights 
showed that approximately 7 ,000 lbs were on the steer axle and 
25,000 lbs on the drive tandem, with a payload of about 20,000 
lbs. The bulk of 3S-2 loaded refrigerated vehicles left the 
distributor from 2 p.m. to the early morning hours. The peak 
departures occurred around midnight. 

Single-unit trucks or farm trailers were loaded by hand in the 
fields where the produce was grown. These vehicles then 
traveled 15 to 50 mi on low-volume, farm-to-market roads to a 
local distributor. The distributor packaged or crated the 
produce and loaded it into a refrigerated van (3-S2), which was 
owned by a private owner or contractor. This van then carried 
the produce hundreds of miles to a supermarket warehouse for 
immediate distribution or possibly to a processing plant for 
canning. 

The various individual fruits and vegetables were harvested 
during different times of the year; produce trucks therefore 
hauled throughout most of the year. A small peak in traffic 
occurred during March and April and a small decline occurred 
in the fall around August and September. Weather is a major 
inOuence on the movement of produce by truck. Ir the crop 
yield is high because of good weather, then the demand for 
trucks is greater. 
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The observed daily trip generation rates for six activity 
centers are summarized in Table 3. Daily truck trip-ends for a 
small distributor were less than 50; for an average distributor, 
over 100; and for a large distributor, about 350. 

Pertinent Surface Mining Industry Characteristics 

Sand and Gravel 

Actual site visits and office interviews of industry representatives 
yielded the following information. The gravel pit was chosen as 
lht: aclivi1y cemer to be anaiyzed. Sand and gravel were hauled 
on low-volume public roads from the mining area to the 
construction site or to asphalt batch plants or concrete plants. 

A large sand and gravel operation had a capacity of i ,250 
tons per hour, which meant that roughly 25 trucks per hour, or 
370 truckloads per day, left the pit. The maximum number of 
loads possible per day was 550. The average distance traveled 
per day per truck was 300 mi over a radius of about 60 mi. On an 
annual basis, this operation moved about 2.5 million tons of 
gravel, none by rail. An average plant handles 500,000 to 
750,000 tons per year, 60 percent of which is sold immediately 
and the remainder stockpiled for later use. Over the 1 ng term, 
all gravel is sold but a surplus of sand remains. 

The actual field observations of several and and gravel 
operations are summari1.cd in Table 3. The data collected for 
this commodity arc incomplete, but the number of truck trip
ends observed were: 60 to 120 for small pits, 100 to 140 for 
average pits, and 240 to 780 for large pits. Roughly 90 percent of 
the vehicles that were used at average and large pits were 
combination vehicles, predominantly 3-S2s. 

Limestone 

Actual sites were visited and industry representatives were 
interviewed to gather the pertinent information. The quarry 
was chosen as the activity center for this study. As the rock is 
mined, it is run through a crusher, then segregated by size. The 
sized material is then either stockpiled or hauled away immedi
ately by truck or rail. One large firm hauled 22 percent of its 
aggregate by rail in 1983. This amount varied somewhat from 
one quarry to the other, but was usually 20 to 30 percent. 

A large quarry loads 900 to 1,000 truckloads (mostly 3-S2s) 
on an average day. The maximum is about 1,400 loads. 
Employee work trips are another 800 trip-ends per average day. 
The production of this quarry decreases by about 20 percent in 
the months of January through March. 

A slightly larger than average limestone quarry usually 
produces 450 truckloads per day, and a maximum of 700 loads 
per day. Its radius of influence extends 125 mi, and about 10 
percent is transported by rail. The capacity of this operation is 
2,000 to 2,200 tons per hour, or about 100 truckloads per hour. 
Employees add another 300 trip-ends per day. 

The observed trip generation factors are listed in Table 3, 
although surveys were incomplete for this commodity. The 
observed values were 40 to 60 for small quarries, 120 to 200 for 
average quarries, and 150 to 470 for large quarries. 
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USE OF PAVEMENT PERFORMANCE EQUATIONS 
FOR SPECIAL-USE ACTIVITIES 

A technique that was previously developed for pavements that 
were affected by oil field activities was adapted to predict the 
performance of thin-surface-treated pavements near the special
use activity centers described earlier (2, 3) . The following is an 
overview of the development process and the pavement model 
used in Texas. 

As the AASHO Road Test drew to a close, one of the 
strongest recommendations made by the test staff was that 
satellite studies should be performed in other parts of the 
country to objectively determine the real effects of subgrade and 
climate on pavement. Texas participated in thes~ studies by 
establishing a flexible data base that contained detailed data on 
more than 400 sections of pavement (4). 

Of these 400 sections, 132 are on thin-surface-treated pave
ments on farm-to-market (FM) roadways. These thin pavement 
sections were chosen to be analyzed in the study of oil field 
activities while the pavement damage model was being de
veloped. These roads typically carry between 100 and 750 
vehicles per day and were constructed with granular base 
courses that ranged in thickness from 4 to I 0 in. 

Data collection on these sections started in 1972, when the 
full construction, maintenance, and traffic history of each 
section was compiled. Riding quality (PSI) , distress , and skid 
surveys have been made periodically on all pavement sections 
since 1973. In most cases, five or six separate observations have 
been made on each section since the survey began. 

During the distress survey, the following eight types of 
distress were observed : alligator cracking, transverse cracking, 
longitudinal cracking, rutting, raveling, flushing (or bleeding), 
failures (potholes), and patching. Each of these types of distress 
was rated for its area and severity according to the" distress 
identification manual prepared for the State of Texas (5). 

In the early research of oil fields, a different form of damage 
function was assumed than that resulting from the AASHO 
Road Test. A sigmoidal (S-shaped) curve, shown in Figure 3, 
provided a better representation of actual pavement perfor
mance in Texas than the original AAS HO Road Test damage 
function (6-8). The assumed form of the damage function for 
Texas flexible pavement is 

g =exp - (p/N)f3 

where 

g = normalized damage, 
N = number of 80-kN equivalent SALs, and 

p and f3 = constants for each pavement section. 

(I) 

Space does not permit a full description of the analysis 
undertaken to produce the pavement performance equations 
used in this study. However, the procedure and typical equations 
have been published elsewhere (9). The following is an overview 
of the procedure. 

I. For each pavement section, an analysis was made of the 
observed distress and serviceability index histories to determine 
the values of p and {3 . 

2. SAS stepwise regression (JO) was then used to perform a 
regression analysis to explain the variations of p and f3 between 
sections of the same pavement type. The determined final 
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FIG URE 3 Regression equation versus actual performance. 

regression equations are as follows: p is a function of climate, 
base thickness, and subgrade properties. An example of an 
equation for rutting area is as follows : 

P = [-0.1035 + 0.005 49(A vn + 0.006 70(D) 
- 0.0015(LL) + 0.001 62(P/) 
+ 0.000 77(FTC)] X 106 R 2 = 0.38 

where 

= average district temperature (° F - 50° F), 
= thickness of flexible base course, 
= liquid limit of subgrade soil, 
= plasticity index of subgrade soil, and 

(2) 

AVT 
D 

LL 
Pl 

FTC = average number of annual air freeze-thaw cycles. 

Such equations have been generated for each of the eight 
distress types and PSI. The correlation coefficients (R2) of these 
equations in general range from 0.30 to 0.60. No acceptable 
models were found for a few distress types, particularly raveling 
and flushing. In these instances, the mean values of p and/ or f3 
were used for predictive purposes. 

Like other models for the prediction of pavement distress 
reported in the literature, the models used in this study generally 
have low R 2 values. The cause of these low R 2 values can be 
traced to several sources, including the subjectivity of ratings 
and the unavailability of some important variables. Two 
approaches were taken to justify the use of these models . First, 
their predictions of pavement performance were compared with 
actual performance (Figure 3) . The second approach involved 
asking experienced field engineers to comment on the predic
tions. 

Unlike the AASHO Road Test, in which damage was 
assessed in terms of reduction in PSI, this study defined damage 
as a combination of distress and loss of serviceability index, 
called "pavement score." This composite index used by Texas 
was calculated by using the following equation and then 
multiplying this "utility score" by JOO (I I). 

Pavement utility score = U RID/I X U otsr02 (3) 

where 

U RIDE = 
U DIST = 
0 1 and 0 2 = 

the riding quality utility score of range 0-1; 
the visual distress utility score of range 0-1; and 
weighting factors on each utility score ." 
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The visual distress utility score is further defined as 

U DIST= ( U,Ul)hl ( Uro1•el)h2 ( U/7ush)b3 ( U(ailures)b4 

(Uolligl5 (U/ong)66 (Utram) 67 (4) 

where each U; value is determined from the visual inspection 
data and has a 0-1 range and the b; are weighting factors. 

When the Texas definition of pavement score is used, if any 
single utility value becomes low, the pavement utility score will 
be low. For instance, if the ride value of the highway falls to a 
critical level, then the pavement score drops to a failure level. 
Alternatively, a pavement score may reach failure due to a 
combination of distress types and still maintain a high PSI. In 
Texas, new pavements have a pavement score of 100; failure 
Je.vel for surface-treate.d roads is defined at a pavement score of 
35. 

Verification of results obtained from this technique was 
accomplished by showing predictions, such as those in Figure 4, 
to a panel of experienced engineers. They generally concl<ided 
that these predictions were reasonable for these types of 
pavements under the specific loading and environmental 
conditions. 
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FIGURE 4 Pavement score versus time. 
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A computer program was written to incorporate the Texas 
pavement distress equations and pavement score concepts. The 
program uses traffic classification data to calculate the expected 
80-kN ( 18-kip) equivalent single-axle loading for a preselected 
analysis period. The distress equations predict pavement condi
tion, hence pavement score, for each subsequent year. When the 
pavement score reaches a predetermined failure level (pavement 
score = 35), the number of months to failure is calculated. For a 
particular failure level, it is possible to determine which types of 
distress have caused the reduction in pavement life and 
consequently which rehabilitation strategy should be 
considered . 

CASE STUDY 

A case study was conducted to show how the pavement damage 
program and the acquired knowledge of special-use truck 
traffic can be used to assess low-volume roadway pavements. 
The impact of a large timber-cutting site in the Sam Houston 
National rorest in east Texas was chosen to be evalualt:d. Tht: 
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cutting site is accessed by two farm-to-market roads, FM 2296 
and FM 13 75, which are used equally by timber trucks hauling 
from the site to the mill. These roads are 20- to 22-ft, surface
treated roads with a 9-in base and seal coat. FM 1375 was 
chosen as the road to be evaluated. Before the timber contractor 
began cutting, the ADT of the roadway was 1,000 vehicles, I I 
percent of which were trucks, and a 5 percent predicted growth 
rate per year. 

Timber was harvested for 7 months; approximately 400 acres 
of timber were clear cut per month, which meant that 35 to 40 
truckloads left the cutting site each work day. The timber traffic 
began 17 months after major resurfacing work was done on 
FM 1375. 

This information was used as an input into the pavement 
damage program to predict the decrease in serviceability 
because of this spi::1:ifo: limber uaffic (2). The results of the 
program indicated that, under baseline conditions, the road . 
should be resurfaced after approximately 37 months. This 
appears reasonable because the road has been resurfaced 
approximately every 3 years under baseline traffic. Other 
results of the program indicate that the additional traffic means 
that the road should be resurfaced approximately 6 months 
earlier than would be necessary under the baseline growth in 
traffic. This is shown in Figure -S by the difference in time 
(months) before the predicted pavement score is reduced to 35. 

ln reality, roads of similar design in the area are failing faster 
than the program predicted. It is believed that this discrepancy 
is due to the conservative weight distribution used in the 
program to calculate equivalent axle loads. The weight tables 
used were gross averages compiled by the State of Texas for 
different regions of the state and account for all types of trucks 
that use a particular roadway. The traffic on FM 1375, which 
now includes baseline traffic and national forest timber traffic, 
is believed to be significantly heavier than that represented by 
the weight tables. According to representatives of the industry, 
the average gross weight of these timber trucks is approximately 
100,000 lbs. A better estimate of pavement performance is 
anticipated after the weights of these vehicles are more accurately 
represented. 

Nevertheless, the case study demonstrates a method by which 
such special-use traffic generators can be analyzed. The results 
can be used to schedule maintenance and select an appropriate 
rehabilitation strategy for various classes of roadway. Trip 
generation information can also be used in the traditional 
application of calculating t1affic volume estimates and projec
tions for a specific generator. Although the sizes and other 
characteristics of specific, special-use activity centers may vary 
somewhat from those examined in this study, the approach to 
evaluating the traffic impact will remain the same. More 
research in these same industries is being performed, and a more 
complete data base will be available to maintenance and 
planning personnel. 

SUMMARY AND CONCLUSIONS 

The study of special-use truck traffic involved the traffic 
associated with the processing and transporting of timber, beef 
cattle, cotton, grain, produce, sand and gravel, and limestone. 
This traffic may be unique in terms of vehicle distribution , axle 
configurations, axle loads, and seasonal fluctuations . This type 
of traffic is often found on iow-voiume, farm-to-market roads, 
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FIGURE 5 Predicted pavement score with timber harvest site development. 

and causes the percentage of trucks to be significantly higher 
than is normally expected at the design stage . 

Among the many vehicle types found in these special-use 
industries, the most common is the 3-S2, which uses a variety of 
trailers. The rear-dump trailer has been the most common in the 
sand and gravel and limestone industries , although double 
trailers that dump from the bottom are becoming more 
commonplace. Grain haulers use a specialized grain trailer that 
dumps from the bottom. Beef cattle are usually transported on a 
40-ft-long, two-level enclosed trailer called a "possurr~bclly," 
while timber ha ulers use two specialized trailers to haul eit her 
tree-length logs or pulpwood (8-ft lengths) from the (orests to 
the mills. Refrigerated vans (3-S2s) are used to hau1 '

1
beef and 

produce after processing. Flat-bed trailers ha ul fini heel tin!ber 
products from mills and cotton from gins. Single-unit \tucks are 
used extensively to haul produce from field to distributor and to 
haul grain from field to elevator. 

The impact of the various special-use activity centers must be 
evaluated in terms of truck trips generated per unit time or area, 
radius of influence, and seasonal fluctuation. Information 
gathered by interviews is summarized by commodity in Tables 1 
and 2. 

The timber case study demonstrated how information on 
special-use truck traffic can be used . The cutting site generated 
35 to 40 truckloads (3-S2s) of logs per day, which were hauled 
on two surface-treated roads to a mill 5 mi away. The pavement 
damage program indicated that the additional traffic demand 
would require that the road be resurfaced approximately 6 
months earlier than would be necessary under baseline traffic 
only. 

In conclusion, the results of this preliminary investigation 
indicate that traffic generated by these industries, in addition to 
baseline traffic, exceeds the intended design purpose of many 
roadways. In some cases, this was because certain trucks carried 
more weight than they should have, whereas in other situations, 
it was because legally loaded trucks made more trips than were 
anticipated. 
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Consideration of Seasonal Pavement 
Damage for Timber Haul Roads 
HANNES H. RICHTER AND FREDERICK T. HSIA 

Timber haul roads are subjected to severe use conditions that 
make them highly susce1>tible to seasonal im11acts. They are 
located in areas of extrem · terrain and environmental condi· 
tions, are constructed with minimal investment in the pavement 
section, and support extensive traffic from heavily loaded 
timber trucks. This multiyear study was undertaken to evaluate 
relative, traffic-induced damage to roads used at different times 
of the year and to provide rationally based road management 
alternatives. The field evaluation of the pavement section was 
performed by using periodic surface deflection measurements 
that were obtained with a Benkelman Beam, and included 
pavement temperature measurements at the test locations. The 
laboratory material characterization included the determination 
of resilient modulus relationships for cored asphalt concrete 
samples and for aggregate and subgrade materials. The assess· 
ment of laboratory and field data was performed by using 
computerized mechanistic analysis techniques, in which the 
pavement structure was considered a linear elastic multilayered 
system and the layered materials were characterized by their 
resilient modulus and dynamic strain ratios. The evaluation 
criterion was the fatigue life ~f the asphalt concrete as 

H. H. Richter, U.S. Forest Service. Sierra National Forest. Calif. 
Current affiliation: 25341 La Estrada Drive, Laguna Niguel, Calif. 
926 77. F. T. Hsia. U.S. Forest Service, 630 Sansomc Street. Room 61 I. 
San Francisco, Calif. 94111. -

correlated with limiting elastic strains. Relative damage ratios 
were established for different seasons and were found to be 
significant and predictable for the roads under study. 

INTRODUCTION 

Wide-ranging seasonal changes in climate subject low-volume 
roads worldwide to evere use conditions. An under tandingof 
the roadwa y's response to such seasonal cha nges and the long
term effect on the pavement structu re is critical to the develop
ment of ra tio nally based management program . In considera
tion of these point ,ananalysi ofseasonaluseimpact. ofpaved 
timber hau l roads wa undertaken by evaluating several road 
in the Sierra Nevada Mountain of California. The assessment 
of seasonal effects was focused on the spri ng thaw period, when 
subgrade soils are saturated and temperature shifts can be 
ex treme. A comparison was then made with per iods of trengLh 
recovery during the ummcr and fall when the subgrade dries. 

Surface deflections and pavement temperatures were 
me:isured al r presentative loca tions on four different roadways 
over a 4-ycar period in order to characl rize seasonal responses 
to climatic changes(/, 2). A phalt concrete, aggregate base, and 
subgrade samples were obtained from two roads that were 
e lected for detailed st udy and were tested in the laboratory to 

determine their relevant engineering properties. 
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A computer-aided analysis of the pavement systems to 
evaluate relative damage levels for different periods during the 
year was performed with a mechanistic model using an elastic 
layered theory. Deflection data were also compared with 
existing general criteria from the literature. Various pavement 
management alternatives are presented that address the seasonal 
changes in load carrying capacities. 

ANALYTICAL DEVELOPMENT 

General 

Pavement structures are highly complex, multilayered systems 
that are critically affected by changes in stress, temperature, and 
moisture environments. Pavements can be reasonably modeled, 
however, by the mechanistic analysis approach . This approach 
assumes that the pavement structure is a semi-infinite, linear 
elastic layered system in which materials are generally homo
geneous and isotropic and can be characterized by the resilient 
modulus and dynamic strain ratios . A loaded pavement system, 
in which the strains that were found to be critical to pavement 
structures are depicted, is shown in Figure 1. In this system H;. 
E;. and V; are the layer thickness, resilient modulus, and resilient 
strain ratio (Poisson's ratio in elastic theory), respectively. 
When a typical, 18-kip equivalent axle load was applied to the 
pavement system, stresses and strains were introduced to every 
point in the semi-infinite half-space. 

The tensile strain at the bottom fiber of the asphalt concrete 
layer. £.

1
, was related to the fatigue life of the a ·phalt concrete, 

Np at various temperature range. or re ilient moduli as shown 
in Figure 2 (J). The compre sive strain on the top of the 
su bgrade, £. v• was found to have an approximate correlation 
with performance, particularly in terms of riding quality and rut 
depth. A typical behavior function between allowable compres
sive strain and number of 18-kip axle load applications, N v• is 
illustrated by empirical correlation with the AAS HO Road Test 
results in Figure 3 ( 4). 

The mechanical and geometrical properties of the layered 
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FIGURE I Typical layered pavement system. 
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FIGURE 3 Compressive strain versus allowable load applications. 

system, together with the surface deflection data, were correlated 
to the tensile and compressive strains. A computer was used to 
display the correlation in a four-variable graphic form, as 
shown in Figures 4 and 5. Surface deflection data could be 
converted to fatigue life or rutting life through a process shown 
in Figures 2 through 5. The convenience of bypassing the 
resilient modulus of the subgrade if the deflection and resilient 
moduli of the asphalt concrete and the aggregate base are 
known is shown in Figures 4 and 5. 

Damage Accumulation 

The linear summation technique known as Miner's hypothesis 
was used to sum the compound loading damage that occurred 
to the pavement. The determination of pavement life was based 
on the accumulated damage level reaching unity for the total 
number of load applications. For a unit truck load, the damage 
level for fatigue, DL.f+ and the damage level for rutting, DLv, for 
a certain period, can be expressed as reciprocals of N1 and N v 

for that period. 

(la) 

(I b) 
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When these damage levels for individual periods are calculated 
throughout the truck operating season, the total damage levels 
for the whole operating season can be obtained through 
integration. 

(DL_)r DLjt)dt (2a) 
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(DL)r (2b) 

Hsia and Padgett defined he relative damage levels for a 
certain period as da mage ratios , with DR1 representing th 
damage ratio ror fatigue, and DR., representing the damage 
ratio for rutting (J). Damage ratios arc expressed by comparing 
them with either total damage levels (( DL)t) or elected 
reference damage levels ((D l) n). 

DR1 = 
DL1 or DR! = 

DL! 
(3a) 

(DL)R (DLj)T 

DRV 
DLV 

DRV 
DLV 

or (3b)" 
(DL)R (DLv)T 

When several representative sections are to be considered in 
order to evaluate the whole road, the combined effect can be 
expressed in matrix form as: 

[(DR) 1] = 

[(DR) 1] = 

in which 

[(DR) 1) [I) 
(4a) 

n 
I t1 
J=l 

[(DR) 1) [I) 
(4b) 

n 
I I; 
j=l 

= column matrices of damage ratio for 
fatigue and rutting at time t for the 
whole road, 

[(DR) 1i] , [(DR) 1) = square matrices of damage ratio for 
fatigue and rutting for the/h section at 
time I, 

[I) = column matrix of section length, and 

n 
I 11 = a scaler representing the total length of 
j=I sections under evaluation. 

It should be noted that developments presented to this point 
are theoretical, and discrepancies may exist bet ween theoretical 
ana lysis and fie ld performance. Although re lative damage 
levels may not be affected. a determina ti n of tota l damage 
levels as I hey relate to ultima te pa vemen t life may require that a 
co rrelation func ti n between theoretical devcl pment and 
actua l field performance be c tablished . 

[(DR}rlfield =.fix) [(DR~,]thcorctical 

[(DR)rlricld = g(x) [(DR)1ltheorctical 

(Sa) 

(Sb) 
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The correlation functionsj{x) and g(x) should be determined 
in the field and may be discontinuous for discriminatory 
categories. Until calibration can be accomplished for a given set 
of conditions or loca lity, it is suggested that a constant of 1.0 be 
assigned to both for simplicity, as follows: 

j(x) = g(x) = c = 1.0 

FIELD AND LABORATORY PROGRAM 

Roadway Descriptions 

Field tests we re begun on selected representative sections of 50 
mi of fo ur paved USDA Fo rest Service roads in the California 
S ierra Nevad a Mounta ins. T wo roads were chosen for detailed 
evaluati o n of relative pave ment damage durin g the timber haul 
season. Both roads were paved with 4 in of AR-4000 asph alt 
co ncrete over 5 in of aggregate base tha t rested on a subgrade 
so il, th e consistency of which ranged from clayey sands to silty 
sands. Road A was located at an eleva tion of 6,000 to 7,000 ft 
and Road B a t 3,600 to 4,800 ft. A 2-year pavement defle ct ion 
stud y was conducted on both roads. Road condition surveys 
indicated no significant rutting problems on either road, 
a lthough fati gue cracking was prevalent at many loca tions on 
R oad A. 

Deflection Measurements 

Deflection measurements were taken from late April, after the 
snow had melted enough to allow access, through November, 
which was near the end of the timber haul season. Measure
ments were repeated at approximately 2- to 3-week intervals 
through June, once at the end of July, and once or twice in late 
fall. The Asphalt Institute Benkelman Beam rebound method 
was used in this study, as depicted in Figure 6 (5, 6). The 
deflection measurements were made at selected sections of the 
roads in the loaded lane and predominantly in the outside 
wheelpath. Test sections consisted of 10 sample points in 1,000 

1 
--~ 

FIG URE 6 Benkelman Beam denection measurement. 
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ft. These sections were considered to be representative of the 
soils and pavement structure, based on a more continuous 
sampling that was performed earlier. Pavement temperatures 
were also recorded for each section. Temperature adjustments 
were in accordance with the Asphalt Institute procedure (6) . 

Laboratory Testing 

Repetitive loading devices were used to test the resilient 
modulus(£), dynamic strain ratio (v), and fatigue properties of 
soil, untreated aggregate base, and asphalt concrete. Dynamic 
strain ratios, based on a literature survey (Poisson's ratio in the 
elastic range), can be assigned the following values: 

Ma1erial v 

Asphalt concrete 0.35 
Aggrega te base 0.40 
Sub grade 0.45 

Subgrade and Aggregate Base 

Subgrade soil and aggregate base samples were compacted to 90 
and 95 percent of the AASHTO T-180 maximum density, 
respectively, in accordance with original construction specifica
tions, and as verified by in situ density testing. The sample was 
then tested in the triaxial cell at different confining stresses and 
cyclic deviator stresses, which were varied to accommodate the 
possible stress conditions. After the dry test was performed to 
define the upper-bound resilient modulus, back pressure was 
applied to saturate the sample as much as possible. The sample 
was then retested at this high degree of saturation to approxi
mate the lower-bound resilient modulus . 

Asphalt Concrete 

The resilient modulus of asphalt concrete can be determined by 
stress-controlled, diametral repetitive loading devices (7). 

• I 
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Fatigue tests can be conducted either at varied modulus 
(loading) values or at different temperatures. The former is 
apparently easier to perform in the laboratory, whereas the 
latter provides a more direct approach to the evaluation 
procedure, and therefore minimizes unintentionally introduced 
errors. 

Because the effects of temperature on the resilient modulus of 
the asphalt concrete were considered critical, cored samples 
were tested in diametral, resilient modulus devices at va rious 
temperatures. An example of the test results is shown in 
Figure 7. 

DISCUSSION OF ANALYSIS AND RESULTS 

Results 

The sophisticated nature of the procedures and the interrelated 
characteristics of the variables necessitated a computer-aided 
analysis to execute the calculations and plot results. A modified 
version of the CHEV 5L computer program was used . 

The results of typical computer calculations of damage ratios 
are presented in graphic form in Figures 8 and 9. The bases 
selected for comparison were October 4 for Road A and 
October 5 for Road B. Damage levels on these dates were not 
the lowest levels po. sihle d11ring the hauling eason, but they 
were selected bccau e the subgradc condi tion was fa irly dry in 
the ea rly part of October, a nd a reasona ble amount of tim ber 
hauling could still have been expected before the season ended. 

An examination of the DRv values in Tables 1 and 2 for 
various sections indicates that some of the values are abnormally 
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high and that the most critical period for rutting is delayed 
almost to the end of June fo r Road B, which docs not coincide 
with the critica l period for fatigue. he most promising method 
to estimate rut depth using the plasticity theory was the Prandtl
Reuss equation with a von Mises yield criterion. Because the 
application of this equation is complicated, and minor amounts 

106 

.... 
~ 

..... 
"' -Ul 
:::J ..., 
:::J 
0 
0 
:E 

""' 10 5 z 
"' · H ..., 
H 
Ul 

"' "' 

0 

FIGU R E 7 

7 /31 8/31 

Sample NO. 

B-10 

B-4 

B-17 

20 40 60 80 100 1 20 

ASPHALT MIX TEMPERATURE , OF 

Resilient modulus versus temperature curves. 

9/30 10/30 11/30 

TI ME ( MONT H/DAY) 

FIGURE ll Damage ratios for different sections of Road A. 
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4/30 5/31 6/30 7/3 1 8/31 9/30 10/30 11 /30 

• TIME (MONTH/DA Y) 

FIGU RE 9 Damage ratios for different sections of Road B. 

TABLE I DAMAGE RATIOS FOR ROAD A 

Damage Ratio for Fatigue, DRr 

Date (month / day) 

Section 4/20 5/ 16 6/ 11 6/ 26 7/ 31 10/ 4 

A 0.08 2.8 15 .5 2.3 1.0 
B 0.05 2.0 10.0 1.9 1.0 
c 0.04 2.7 10.3 3.4 2.9 1.0 
D 0.09 2.9 10.5 1.7 1.0 1.0 
E 0.06 4.0 11.8 3.4 1.5 1.0 
F 0.08 2.9 9.1 1.7 I. I 1.0 
G 0.06 4.3 12.6 3.7 1.0 
H 0.08 3.9 11.3 1.9 1.5 1.0 

0.12 3.9 13.0 3.7 1.0 

(DRrlt 
or 
(DRvJt 0.07 3.27 11 .57 2.63 1.60 1.00 

of rutting are generally not considered to seriously distress 
low-speed, timber haul roads, it was decided that only DR1 
would be taken into consideration (8). 

The combined effect of all sections on DRp defined as (DR;)
1 

in Equation 4a, is shown in Figure 10. This figure was used to 
evaluate the relative potential damage of the whole road at 
different periods of the timber haul season. It should be noted 
that the peak periods of June 11 and May 19 for each road were 
established based on available field data. Had a day-to-day 
measurement been conducted during the critical period, peaks 
could have been relocated and would be expected to be 

11 / 8 

0.4 
0.4 
0.5 
0.3 

0.3 

0.38 

Damage Ratio for Rutting. DRv 

Date (month /day) 

4/ 20 5/ 16 6 / 11 6/ 26 7/3 1 10/ 4 11 / 8 

0.9 3.0 15.0 12.4 1.0 
0.5 1.6 6.0 7.0 1.0 
0.3 2.7 5.2 21.6 15.5 1.0 0.6 
0.6 3.3 8.1 9.0 2.4 1.0 0.3 
0.8 6.3 7.9 20.5 2.6 1.0 0.4 
0.6 2.9 7.6 7.8 2.0 1.0 0.2 
0.9 7.7 13.3 23.3 1.0 
0.7 5.1 10.4 10.6 4.4 1.0 0 .3 
2.5 6.3 8.5 20.4 1.0 

0.9 4.3 9.1 14.7 5.4 1.0 0.4 

somewhat higher than the ones shown. However, daily measure
ments were prohibitively costly and the peaks that were 
obtained in these figures should not have been much less than 
the actual peaks. 

Straight lines were drawn between sample points until more 
data could be obtained to justify statistical smoothing tech
niques. It should be noted that although values may vary from 
year to year depending on climatic conditions, the pattern 
remains consistent. 

The following observations can be made from an examination 
of Figures 8, 9, and 10: 
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TABLE 2 

Section 

I 
2 
4 
6 
8 

10 
12 
14 
17 
18 
20 
22 

(DRr) 1 
or 

(DRvlt 
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DAMAGE RA TJOS FOR ROAD 8 

Damage Ratio for Fatigue, DRr 

Date (month/ day) 

4/ 19 5/ 19 

1.6 4.8 
1.2 3.7 
3.6 7.2 
2.4 7,9 
1.7 6.9 
2.4 8. 1 
3.1 10.8 
1.5 6.0 
I.I 11.7 
1.6 12.0 
0.8 3,8 
2.9 16.7 

2.03 8.52 

I 

' I 
' 
' I 

6/ I 

1.0 
0.8 
1.5 
1.5 
1.3 
1.6 
2.5 
1.2 
1.9 
2.4 
0.8 
2.5 

1.61 

..._Road A 
I 
I 
I 

\.._ 

6 / 29 

I.I 
0.8 
1.2 
I. I 
1.0 
1.0 
1.3 
1.0 
1.5 
2.4 
0.9 
2. 1 

1.26 

---

8/ I 

0.9 

0.8 

0.9 
1.0 

0.9 

\ ,3 

1.01 

10/5 11/7 

1.0 0.6 
1.0 
1.0 0.3 
1.0 
1.0 0-3 
1.0 0.5 
1.0 
1.0 0.3 
1.0 
1.0 
1.0 
1.0 0.7 

1.00 0.47 

Jill 4130 5/3 1 6/)0 7131 8131 9/30 10/30 11130 

TIME (MONTH/DAY) 

FIGURE IO Combined effect on damage ratio for fatigue for both 
roads. 

I. Damage ratios for each section of the road have a wider 
range in the critical period than in the summer or fall, which are 
dry seasons in the Sierra Nevada Mountains. 

2. Ranges in the damage ratios for each section of the road 
during the peak period are more dramatic for Road B than for 
Road A. This may indicate that Road A experiences more 
severe environmental conditions or is more distressed than 
Road B, or both. 

3. Average damage ratios for the critical period for Road B 
are lower than those for Road A. 

4. The critical period of Road A is delayed when compared 
to Road B. This delay is believed to be the result of a difference 
in elevations, because Road A is located at a higher elevation 
and the thaw comes later in the year. 

Economic Impacts 

The potential economic effects of these damage ratios can be 
demonstrated with the following example. If 10 percent of the 

11 /28 

0.3 
0.3 
0 .2 
0.2 
0.1 
0.2 
0.4 
0.1 
0.4 

0.24 
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Damage Ratio for Rutting, DR v 

Date (month/ day) 

4/ 19 5/ 19 6/ I 6/29 8/1 10/5 11/7 11/28 

1.0 0.7 3.5 10.0 8. 1 1.0 0. 1 
I.I 0.6 4.2 6.2 1.0 
5.0 3.4 13.8 17.8 9.5 1.0 0. 1 
5.1 5.1 25.5 13.5 LO 0.1 
1.7 2.9 10.9 20.6 9.0 1.0 0.6 0.9 
3.4 4 .3 18.1 12.4 13.4 1.0 0.2 0.1 

12. 1 13.9 69. 1 18.6 1.0 0 
1.6 2.1 7. 1 10.2 6.2 1.0 0 0 
0.8 15.2 33.6 50.6 1.0 0.1 

14.8 84.9 254.3 461.5 1.0 0.2 
0.3 0.6 1.9 5.0 1.0 0 
5.6 29.2 52,9 23.4 28.6 1.0 0.4 0,3 

4. 1 11.3 34.0 38.7 14.8 1.0 0.2 0,2 

yearly traffic travels the road during the critical period, at IO 
times the damage, the effect is 100 percent of the traffic during 
the spring, or a total net traffic of I 90 percent. This effective 
doubling of the traffic could therefore halve the pavement life 
and dramatically increase its life-cycle costs. 

Comparison With Deflection Criteria 

Certain surface deflection data obtained in this study were 
compared with existing empirical criteria for tolerable deflection 
values, such as those developed by Kruse and Skok or presented 
by the Asphalt Institute (4, 5). Tentative application of these 
criteria to the roads in this study led to conclusions similar to 
those of the original studies in regard to the timing of allowable 
spring use. However, use of these criteria is limited and 
inappropriate for use by general management. Empirical 
criteria do not provide a means of assessing the long-term 
effects on the pavement structure and they cannot be confidently 
extrapolated to differing pavement, environmental, and traffic 
conditions. 

Further Analysis 

It is generally accepted that the worst road conditions usually 
occur in the spring thaw period when the subgrade is wet and 
provides weak support, and the asphalt concrete is cold, brittle, 
and consequently very susceptible to fatigue damage. It is 
important to point out that this conclusion should not be 
generalized and deflections alone may be insufficient to deter
mine damage levels. Because of the variation in properties and 
geometries of layered systems, as well as the degree of severity of 
environmental influences, it is possible that the worst conditions 
may occur in the hot summer months when the stiffness of the 
asphalt concrete layer is low (8). Locally gathered deflection 
data must be combined with a mechanistic analysis to rationally 
assess relative damage for a specific area. 

An investigation of the remaining life of the pavement was 
excluded in this study because of the lack of traffic data and past 
maintenance history. If these two categories of data are 
available, they should be incorporated into the management 
program. The deflection directly underneath the tires should 
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also be used in the analysis. A future extension of the research 
should include the curvature of the deflection bowl, which is a 
better representation of the flexibility characteristics of the 
asphalt pa~ement. 

CONCLUSIONS AND RECOMMENDATIONS 

Analyses of seasonal pavement deflections with mechanistic 
techniques were successfully performed to assess relative pave
ment damage at different periods during the year. The establish
ment of limiting criteria for low-volume roads must be con
sidered part of a pavement management program and should 
include evaluation of economic and sociopolitical issues. 
Actions could include one or several alternatives that involve 
higher user costs, higher maintenance and replacement costs, or 
a combination of the two. The following alternatives encompass 
a broad range of potentially sensitive issues and should be 
carefully assessed for possible application on a local level. 

Higher User Costs 

I. Limit traffic during the critical period. 
2. Reduce the loads carried by each truck during the critical 

period. 
3. ·Increase the maintenance deposit to be used during the 

critical period. 
4. Close roads to heavy trucks during critical periods. 

Higher Maintenance and Replacement Costs 

I. Do not impose seasonal use limitations. 
2. Strengthen the pavement structural section with an 

overlay to accommodate the worst season. 
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3. Use an overlay to accommodate average conditions and 
accept the limitations of pavement life. 
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Evaluation of Deflection Data as 
Criteria for the Posting and Removal of 
Spring Load Limits 
HARVEYS. ALLEN AND DAVID L. BULLOCK 

The Minnesota Department of Transportation conducted 
deflection tests during the spring thaw period primarily to 
ascertain when the "spring peak" occurred. A study was 
initiated to investigate the feasibility of using a Falling Weight 
Deflectometer to define the spring thaw period so that axle 
weight restrictions could be imposed during that time. This 
study involved the establishment of a uniform testing procedure 
and a set of criteria to define this period. Fourteen sections of 
road were tested; frost tubes were_ installed in eight of the 
sections. Average DI and D7 deflections were calculated for 
each test section. Several values, including tensile strain and 
subgrade modulus, were computed from these data. Pavement 
temperature and frost tube readings were recorded when 
possible. The initial analysis showed that maximum tensile 
strain occurred prior to the peak DI deflection and a rough 
correlation of DI to frost depth was indicated. A 21-day period 
after which Dl had peaked was proposed as a criterion for the 
removal of axle weight restrictions. 

In January 1985, Deputy Commissioner R. J. McDonald 
appointed a committee called the Committee on Seasonal 
Posting Period to establish a process and criteria regarding the 
time period when axle weights on trucks should be reduced to 
prevent excessive pavement damage. 

This committee began meeting in February 1985 to determine 
which information should be considered in the establishment of 
the requested process and criteria. 

Deflection tests have been used in the past by some Minnesota 
Department of Transportation (Mn/ DOT) districts to provide 
information on the spring thaw period, although no uniform 
procedure has been established for statewide use. The committee 
decided that additional deflection data should be collected and 
analyzed to determine how tests could be used to establish 
criteria for the imposition and removal of spring axle weight 
restrictions. The following questions had to be answered: 

• Can deflection tests be used to determine when the axle 
weight restriction period should start? 

• Can deflection tests be used to determine when the 
restriction period should end? 

• Are deflection tests necessary on all restricted highways 
during the spring thaw period? 

• Should tests be performed daily, weekly, or bimonthly? 
• Which analysis can be performed with deflection data to 

lead to the establishment of spring restriction period criteria? 

Office of Research and Development, Minnesota Department of 
Transportation, St. Paul, Minn. 55155. 

• How many test sections would be needed and where 
should they be located? 

The answers to these questions are obvious in some cases and 
uncertain in others. For example, it is not feasible to collect 
deflection data on each posted highway during spring thaw 
every year. Such a task woulo be too costly and the department 
does not have enough testing devices to accomplish it. The 
question of how often to repeat the testing can also be answered. 
A study of the history of deflection testing during spring thaws 
has shown that tests should be performed at least once a week 
during the first several weeks of thaw to determine the critical 
part of the spring recovery curve. 

The Office of Research and Development has been collecting 
spring thaw data on County Road 4 in Washington County for 
the last several years. A number of these previously tested 
sections were included in this study, together with previously 
collected data. The number and location of additional test 
sections were determined using engineering judgement and 
input from the nine Mn/ DOT District Materials and a few 
maintenance engineers. 

It was anticipated that when the deflection data were 
collected and analyzed, the remaining questions would be 
answered. 

DATA COLLECTION 

A list of test sections selected for the collection of spring thaw 
data is shown in Table I. The locations of the test sections were 
selected to ensure that one or more sections were within the 
boundaries of each of the four posting zones (north, central, 
southeast, and south). A map of the test sections and the four 
zones is shown in Figure I. 

Two Oynatest Model 8000 Falling Weight Oeflectometers 
were used to collect deflection data. The sections were tested 
repeatedly during the spring thaw period and again in late fall. 
This study was supplemented by data collected by the Office of 
Research and Development during the spring thaw periods of 
1982 and 1983 on a county road in Washington County. The 
depth of thaw was recorded each time deflection data were 
taken by using the frost tubes. 

DATA ANALYSIS 

The data analysis consisted of computing the following: 

• The average DI (center of load) and D7 deflections on 
each test section, 
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TABLE 1 TEST SECTION INFORMATION 

Test 
Section 

1.2 
2.0 
2.3 
3.0 
4.0 
5.0 
6.2 
6.3 
6.4 
7.0 

8.1 

8.2 

9.0 
10.0 

• 2 . 3 
BEM0DJI 

1.2 

BRA 

CENTRAL ,4 . 0 
0

3 . 0 

Municipality Highway 

Akeley TH64 NB MP36.0 
Detroit Lakes TH34 EB MP37.2 
Crookston TH 102 NB MP18.4 
Little Falls TH238 SB MP28.3 
Little Falls TH238 NB M P33. l 
Floodwood TH73 NB MP40.6 
Hugo Washington CR 4 
Hugo Washington CR 4 
Hugo Washington CR 4 
Zumbrota TH52 NB MP82.0 

(Shoulder) 
Lake Crystal TH60 NB MP95.2 

(Shoulder) 
Mankato TH169 NB MP48.5 

(Shoulder) 
Redwood Falls TH67 SB MP72.0 
Willmar Kandiyohi CR 90 

s:o 

ON 6 , 2, 6 , 3, 6 , 4 

Sl AUL 
~Hlr<EAPOLIS 

SOUTH 

SOUTHEAST 

FIGURE I Frost zones and 1985 test section locations. 

• The average deflection basin area, 
• The tensile strain of the bituminous pavement adjusted to 

a temperature of 70° F, and 
• The subgrade modulus for each section on each day of 

testing. 

The area, which is defined as shown in Figure 2, is a modifica
tion of the deflection basin area reported by M. R. Thompson 
(1). The area values were adjusted to a standard temperature of 
70°F. 

The tensile strain in the bituminous pavement was ca!Culated 
from the average D 1 deflection and average area measurements. 

Structural Description 

Asphalt Gravel 
Surface (in) Base (in) 

6 0 
4.50 16 
6 9 
4.50 30 
8 5 
3 23 
3.50 9 
3.50 6 
4 6 
2 10 

2.75 12 

3.50 3 

8 12 
4 7 

Subgrade 

Sandy Loam/ Peat 
Sandy Loam 
Clay 
Peat/ Sandy Loam 
Plastic Sandy Loam 
Sandy Loam 
Sandy Loam 
Sandy Loam 
Sandy Loam 
Plastic 

Plastic 

Plastic 

Clay Loam 
Plastic 
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The subgrade modulus was calculated from the average deflec
tion measurements of the number 7 sensor. A typical graph that 
shows the four types of data versus time Uulian date) is shown in 
Figure 3 . 

DISCUSSION 

The graphs of the data were reviewed and the following 
observations were noted: 

1. The deflection basin area showed that there was a rapid 
loss of strength when thawing commenced (test sections 1.2, 2.3, 
4.0, and 9.0). 

2. The area generally showed a moderate increase as the D 1 
deflection peaked and then remained somewhat constant. 

3. There was an indication that the area was at its lowest 
value when the thaw depth was between 6 and 12 in from the 
bottom of the bituminous surface. 

4. The average DI deflection increased rapidly in all test 
sections during the spring thaw. 

5. The average DI deflection leveled off and remained high 
in test sections 1.2, 2.0, 2.3, 4.0, and 7.0. After the peak, there 
was a rapid decline in the D 1 deflection of test sections 3.0, 5.0, 
6.2, 6.3, 6.4, 8.1, 8.2, 9.0, and 10. 

6. A general trend that shows a decrease in deflections is 
needed to define the peak deflection. D 1 deflections were 
corrected to a standard temperature of 70° Fin accordance with 
unpublished correlations developed in Mn/DOT Investigation 
No. 210. 

7. The number 7 sensor (D7) deflection increased moder
ately during the spring thaw and then gradually decreased over 
the summer. 

8. The subgrade modulus calculated from the 07 deflection 
showed a rapid decrease in strength at the onset of the spring 
thaw and then a gradual decrease in strength for the remaining 
portion of the spring thaw. After the spring thaw, the subgrade 
modulus value increased gradually until fall. 
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FIGURE 2 Deflection basin area definition. 
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9. Those test sections in which both summer and fall data 
were collected (test sections 6.2, 6.3, and 6.4) weakened after fall 
rains. 

I 0. Values of calculated tensile strain that were corrected to 
a standard temperature generally had high peak values prior to 
the time of maximum DI deflection. 

11. Tensile strain values that were calculated for the asphalt 
pavement layer and corrected to a standard temperature 
showed that the peak strain occurred after the sudden loss of 
strength , as indicl'lted by the area, at the onset of the spring 
thaw. 

The results of the analysis confirmed that the pavement 
rapidly lost strength when the spring thaw commenced. The 
area changed the most during the first 12 in of thaw. The 
maximum deflections occurred later in the thaw period when 
the depth to frost was generally between 38 and 48 in, as shown 
in Figure 4. 

A typical graph that shows depth of thaw, DI deflections, 
and tensile strain in the asphalt pavement for those test sections 
in which frost tube data were collected is shown in Figure 5. A 
graph of DI deflection versus time for the yea1s 1982, 1984, and 
1985 on test section 6.2 is shown in Figure 6. It is shown in this 
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graph that the magnitude of peak deflections and the date of 
peak deflection varies from year to year. The performance of 
deflection tests during the spring thaw period is one way to 
determine when spring posting limits should be removed. 

It is also shown in the data graphs that the deflection profile 
of the recovery curve is different for each test section and could 
be used to forecast the end of the spring posting period. 

A list is shown in Table 2 of the dates that the spring posting 
period would end if a criterion of 3 weeks, or 21 days, after peak 
deflection was established for removing spring load restrictions. 
Also included in Table 2 is the actual date that the spring load 
restrictions were removed. 

SUMMARY OF FINDINGS AND RECOMMENDATIONS 

The analysis of the deflection surveys provided the following 
findings: 

1. Deflection tests cannot be used to determine when to 
start the spring posting period because the thaw occurs too fast 
to provide ample warning to the trucking industry. 

2. The pavement is at its weakest point, as recorded by the 
area, during the first 6 in of thaw. 

3. The maximum pavement deflection occurs when the 
thaw depth is between 38 and 48 in. 

TABLE 2 1985 SPRING POSTING REMOVAL DATES 

Removal Date Using 
Tes t 21-Day Criterion 

Zone Section Test Section Zone 

North 1.2 May 18 
North 2.0 May 17 May 18 
North 2.3 May 18 May 18 
North 5.0 May I May 18 
Central 3.0 May 3 May 3 
Central 4.0 May l May 3 
Central 6.2a April 25 April 25 
Central 6.3a April II April 25 
Central 6.4a April 3 April 25 
Central 10.0 April 24 May 3 
South 8.1 April 23 April 23 
South 8.2 April l 8 April 23 
South 9.0 April 3 April 23 
Southeast 7.0 May 28 May 28 

aSections located in Twin Cities metropolitan area. 

Actual 
Removal 

Date 

May 13 
May 13 
May 13 
May 13 
May 6 
May 6 
April 29 
April 29 
April 29 
May 6 
May 6 
May 6 
May 6 
May 13 



Transportation Research Record I 106 

4. Deflection tests successfully profile the loss in pavement 
strength during the spring thaw period, and can be used to 
establish when the spring posting period should end. 

5. A correlation appears to exist between depth of thaw and 
the peak deflection. 

RECOMMENDATIONS 

1 . Deflection tests should not be used to establish the time 
when spring axle weight limits should be posted. 

2. The spring posting period should have begun by the time 
the thaw depth reached 6 in. 

3. Deflection tests should be used to aid in determining 
when the spring posting period should end. 

4. More research should be conducted to determine if the 
depth of thaw defines peak deflection (D 1 ), which, if true, 
would eliminate the need for deflection testing. 

5. Frost tubes should be installed in all test sections. 
6. A period of 3 weeks after peak deflection should be 

considered the criterion for removal of spring posting limits. 
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The Development of a Procedure for 
Analyzing Load Limits on Low-Volume 
Roads 
EMMANUEL G. FERNANDO, DAVID R. LUHR, ANDHARI N. SAXENA 

The Commonwealth of Pennsylvania has 44,000 miles of roads 
under its jurisdiction, the majority of which have pavements 
with limited structural capacity. The state has the authority to 
restrict axle loads on its roads if it believes that those axle loads 
would result in excessive damage to the pavement structure. 
The purpose of the research reported herein was to develop 
rational guidelines for the posting of load limits. To evaluate the 
effect of axle loads under a variety of conditions, a theoretical 
analysis was conducted that considered various load magnitudes 
and configurations for different pavement thicknesses and 
material properties. It was found that axle configuration (i.e., 

E.G. Fernando and D.R. Luhr, Department of Civil Engineering, The 
Pennsylvania State University, University Park, Pa. 16802. H. N. 
Saxena, Public Works Department, Jaipur, India. 

single-, tandem-, and triple-axle assemblies) did not signifi
cantly affect theoretical pavement response, provided that the 
load per tire and the tire pressure remained the same. After the 
axle loads were analyzed, a performance model was developed 
that uses deflection measurements from either the road rater or 
the Falling Weight Deflectometer to predict pavement per
formance for a given level of traffic. A microcomputer program 
was written that incorporates the new procedure and includes a 
default traffic stream that is typical of low-volume rural roads. 
The program generates information on the predicted number of 
years to failure for different load limits, which would enable the 
user to quantitatively consider the effects of axle-load limits on 
pavement deterioration. In addition, information useful for 
determining which axle loads are responsible for pavement 
damage is provided by the program. An example is given of how 
the responsibility for pavement damage can be converted to 
cost responsibility by assessing charges to heavy haulers. 
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Throughout the worid, low-volume roads make up the greater 
part of most road networks . The Interstate highway system 
comprises less than 2 percent of the total road mileage of the 
United States. Much of the roadway network in this country is 
composed of thin, l1t:xible pavement structures that are intended 
to ca rry low' volumes of traffic. In Pennsylvania, these roads are 
termed type D (collector) and type E (local) roads. 

Each state has a specified maximum, legal load limit for a 
single-axle truck, for a tandem-axle truck, and for maximum 
gross vehicle weight (GVW). However, low-volume roads often 
do not have an adequate structural capacity to carry axle loads 
at the legal load limit for all or part of the year. In the spring, 
when the ground is thawing, the bearing capacity of these 
pavements is significantly reduced . The expense of importing 
materials for low-volume roads that are not susceptible to frost 
is prohibitive. To circumvent this problem, some legal codes 
allow for the posting of load limits below the state's legal 
maximum. 

The Commonwealth of Pennsylvania has 44,000 miles of 
roads under its jurisdiction. About two-thirds of these are low
volume roads which, in other states, would be the responsibility 
of local governments. Because the majority of these low-volume 
roads have pavements with limited structural capacity, the state 
has the authority to restrict axle loads if it is believed that those 
axle loads would result in excessive damage to the pavement 
structure. In Pennsylvania, the establishment of load restric
tions below the legal load limit is authorized by Section 4902 of 
the Motor Vehicle Code. Under this law, Commonwealth and 
local authorities may impose restrictions on the weight or size of 
vehicles allowed to operate on a particular route whenever it is 
determined that, without such restrictions, excessive damage 
may occur to the road. Section 4902 also authorizes Common
wealth and local authorities to issue permits allowing the 
movement of vehicles that exceed the limits of size and weight 
and to require sufficient security to cover the cost of repairing 
the pavement damage due to the movement of heavy vehicles. 

The maintenance districts in Pennsylvania currently enforce 
a JO-ton GVW limit for posted roads. Chapter 15 of the 
Pennsylvania Department of Transportation's (PaDOT) 
Maintenance Manual establishes a uniform, statewide policy 
on hauling in excess of posted load limits (I) . This load-limit 
specification is based on GVW and was selected on the basis of 
engineering judgment and experience. 

The posting of load limits on the basis of GVW poses a 
fundamental problem. The load of the vehicle is transmitted 
through the axle tires, and the load applied by each tire depends 
on the number of tires per axle. Tandem and triple axles have 
more tires than single axles ; therefore, they can carry a heavier 
load and put the same stress on the pavement as a single axle 
with a lighter load . Because pavement performance is related 
more accurately to axle loads and axle types than to GVW, the 
posting ofload limits should be based on a maximum load for a 
given axle type. 

The development of a rational and comprehensive procedure 
for posting load limits is presented in this paper. The following 
methodology was used in the development of the procedure: 

• Analysis of axle loads and axle types 
• Development of a performance prediction equation 
• Development of a structural evaluation procedure 
• Development of the load-limit analysis procedure 

Framework for load-limit analysis 
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Determination of load limits 
Determination of damage responsibility for different 

axle loads 
Development of a microcomputer program 

The procedure was developed for implementation on a micro
computer and uses deflection measurements from either a road 
rater or a Falling Weight Deflectometer (FWD) to determine 
the expected pavement life for different axle-load limits. In 
addition, the percentage of total damage that resulted from a 
particular axle load was determined so that estimates of 
pavement-damage responsibility could be made. 

ANALYSIS OF AXLE LOADS AND TYPES 

An important step in the development of the procedure for 
determining load limits was the analysis of the effect of axle 
loads and types on pavement response_ This analysis was 
conducted by examining theoretical solutions of a linear, elastic 
pavement analysis computer program called BISAR (2). A 
three-layer pavement structure (surface, base, and subgrade) 
was selected for the analysis because it was representative of the 
typical pavements of low-volume roads in Pennsylvania. Three 
different levels (associated with low, medium, and high values) 
were chosen for five pavement parameters: surface thickness, 
surface modulus, base thickness, base modulus, and subgrade 
modulus. Because of its importance to this study, five different 
levels were selected for the variable of load magnitude. The 
values chosen for the different factor levels (Table I) represent 
a broad range of pavement and loading conditions, and include 
the range of surface and base thicknesses typically found in 
low-volume roads in the state. 

TABLE 1 LEVELS OF VARIABLES USED IN THE STUDY 

Variable 

Load in kips (all dual tires) 
(a) Single axle 
(b) Tandem axle 
(c) Triple axle 

Surface thickness T 1 (in) 
Surface modulus: El (psi) 

Granular base thickness: T2 (in) 
Granular base modulus: E2 (psi) 

Subgrade modulus: E3 (psi) 

Levels 

6; 12; 18; 24; 30 
12; 24; 36; 48; 60 
18; 36; 54; 72; 90 
I: 5.5; 10 
80 x 103; 540 x 103 

1,000 x 103 

3· 9· 15 
I~ ~ 1 0~ 40 x 103 

70 x 103 

3 x 10~ 10 x 103 

17 x 103 

The possible combinations of all values of all factors result in 
35 by 5, or 1,215 observations for each axle configuration 
included in the study. The pavement deflections, the horizontal 
strain at the bottom of the asphalt concrete layer, and the 
vertical strain at the top of the subgrade were calculated for all 
of these combinations. These pavement response parameters 
are commonly used to predict pavement performance, and it 
was therefore important to evaluate how they are affected by 
the different variables included in the study. In the discussions 
that follow, the findings from the analysis are presented. The 
discussions have been limited to subgrade strain because this 



FERNANDO ET AL. 147 

pavement response parameter has been strongly related to the 
performance of low-volume roads. In addition, the trends 
observed for the other performance prediction parameters were 
found to be similar to those for subgrade strain; they are 
therefore not reported separately. 

increase of subgrade strain, as would be expected. The signifi
cant observation is that the plots for the three, different axle 
configurations are almost identical, both in shape and in 
magnitude. This indicates that, theoretically, similar pavement 
response occurs with different axle configurations as long as the 
load per tire and the tire pressure are constant. 

Effect of Variables on Pavement Response 
To study the effect of axle configuration on subgrade strain 

along the direction of vehicle movement (longitudinal direction), 
plots of subgrade strain versus longitudinal position for 18-kip 
single, 36-kip tandem, and 54-kip triple axles were drawn using 
the same scale. The plots that resulted from all factors being at 
middle levels are presented in Figures 4 through 6. Observation 
of the plots indicates that the distribution of the sub grade strain 
along the longitudinal direction is different for the three axles. 
Although there is one cycle of strain for the single-axle 

Plots are presented in Figures 1 through 3 of the maximum 
vertical sub grade strain versus the load per tire for the three axle 
configurations (single, tandem, and triple) in cases in which the 
layer moduli and thicknesses are fixed at the low, middle, and 
high levels selected for these variables, as shown in Table 1. 
These plots indicate that an increase in load results in an 
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configuration, there are two cycles of strain for the tandem 
configuration, and three cycles of strain for the triple-axle 
configuration. 

These plots suggest that the damaging effect of axle 
configurations may be different, although the magnitude of the 
maximum, subgrade compressive strain is the same for all three 
cases. The triple axle may be more damaging than the single or 
tandem axle because it causes more cycles of strain in the 
pavement . The effect of a tandem-axle load may similarly be 
more damaging th an that of a single-axle load. In order to 
evaluate this factor more closely, an analysis was performed on 
data collected at the AASHO Road Test. 

The AASHTO design procedure is one of the most widely 
used methods of designing flexible pavements. The procedure is 
based upon the results of the extensive AASHO Road Test 

conducted in Ottawa, Illinois, from 1958 to 1960. The AAS HO 
Road Test site contained six main loops, of which Loop 3 had 
traffic loads of 12-kip single axles and 24-kip tandem axles, 
respectively, on two separate lanes (3) . These are the only data 
from the AAS HO Road Test in which single and tandem axles 
carried the same load per tire on identical pavement sections. 

Plots of performance data, for Loop 3, for 24-kip tandem 
axles versus 12-kip single axles are shown in Figures 7 and 8. 
The data points are scattered along the line of equality, which 
indicates that the two axle configurations caused similar 
pavement performance. This tends to confirm the theoretical 
inference that axle configuration does not affect performance 
significantly if the load per tire and the tire pressure remain the 
same. One possible explanation for the similar pavement 
performance that resulted from 12-kip, single-axle loads and 
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24-kip , tandem-axle loads, even though Figures 4 and 5 
indicate that the tandem axle causes two strain cycles versus one 
strain cycle for the single axle, is that the theoretical strain 
basins are calculated assuming static loading conditions. Under 
dynamic loading conditions, the stiffness of the pavement will 
be greater, and, as indicated in Figures 7 and 8, there will be 
smaller differences between the effects of single- and tandem
axle configurations. 

into the new AASHTO guide for designing pavements for 
low-volume roads (5) . The performance model is given by the 
following: 

In addition to the study on the effects of axle load and axle 
configuration, an evaluation was made of the effects of layer 
moduli and thicknesses on predicted pavement performance. 
For this evaluation, performance estimates were calculated 
using the Simplified Rational Pavement Design (SRPD) 
performance equation developed by Luhr et al. for the U.S . 
Forest Service ( 4). This performance equation was incorporated 

log 10 N x = 2.151 22 - 597.662 (£
5
g) 

- 1.32967 log 10 (£sg) 

+ log 10 [(PSI; - TS/) / 2.7] 112 

where 

(I ) 

N x = number of weighted applications of axle load X 
before pavement reaches a specified 
terminal serviceability index (TS/), 

£ sg = sub grade compressive strain due to axle load X, 
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PSI; initial present serviceability index of pavement, 
and 

TS! = terminal serviceability index. 

Strain data generated in the factorial study were used with the 
S RPD equation to determine performance estimates for various 
combinations of the independent variables included in the 
sensitivity analysis. The independent variables considered were 
load, surface modulus (El), base modulus (£2), subgrade 
modulus (£3), surface thickness (Tl), and base thickness (T2). 
Only one type of axle configuration, single-axle, was considered 
because the results presented earlier indicated that this factor 
has no significant effect on subgrade strain as long as the load 
per tire is constant. 

In the sensitivity analysis, each of the independent variables 
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considered was varied from low to high levels, and the other 
independent variables were kept at one level (low, middle, or 
high) . The effect of each of the six independent variables on the 
predicted pavement perfor mance is shown in Figures 9 through 
I l . The arr ws in the boxes of th e figures indicate whether the 
independent variable in question had a positive (right arrow) or 
negative (left arrow) effect on the predicted number of axle 
applications necessary to reach a terminal serviceability index 
of 1.5, assuming that the initial PSI was 4.2. The vertical line in 
each of the figures indicates the value when all variables are held 
at one level. These figures give a fairly good indication of how 
sensitive predicted pavement performance is to a variation in 
any one of the independent variables. 

It can be seen from Figure 9 that, at low levels, the predicted 
pavement performance is very sensitive to all of the independent 
variables considered , particularly to surface and base thickness. 
It can therefore be inferred that, for pavements constructed 
with weak materials and on poor sub grade, performance can be 
significantly improved by increasing the thickness of the surface 
and the base. At the middle and high levels of the independent 
variables, predicted pavement performance is highly sensitive 
to load, surface thickness, and, to a lesser degree, the surface 
and subgrndc moduli. I'or medium- am] good-quality pave
ments, therefore, performance can best be improved by in
creasing the thickness and improving the quality of the surface 
layer. 

DEVELOPMENT OF A PERFORMANCE EVALUATION 
PROCEDURE 

In order to justify load restrictions on low-volume roads and to 
determine the appropriate load-limit magnitude, a pavement 
engineer must be able to evaluate the effects of alternative 
load-limit policies on pavement life. A model for predicting 
pavement performance is therefore necessary. In this study, 
performance data from the AASHO Road Test were used to 
develop a performance prediction equation for a load-limit 
posting procedure to be used by the state of Pennsylvania. Data 
from various field sites within Pennsylvania were evaluated to 
determin if the available data could be used to de elop a 
performance model. After a omprehensive and detailed review, 
it was concluded that the AAS HO Road Test was the best 
source of data for the performance-modeling phase of the 
research project. Data from the field sites were not useful 
because no reliable traffic estimates were available on the sites , 
and the condition survey data were insufficient to evaluate 
performance trends. AAS H 0 Road Test data were consequently 
used to develop a performance model with the understanding 
that the model developed could be recalibrated to suit local 
conditions should field-performance data be available in the 
future. 

The performance model developed in the study is given by the 
following: 

log 10 N x = 4.508 - 436.992 (Esi;) + 0.092 (H2 + H 3) 

+ 0.141 (PSl;*TSI) - 0.014 [TSl(H 1 + H 2 

+ H 3)] + 3.382log 10(H 1 + H 2) 

- 0.319log 10[(PS/;*H2) +I] 

- l.987log 10 (TSl*H
1

) - 0.299H2 - 0.00018P 

+ 0.041 (H 1*H 2) 
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TS! :: terminal serviceability index, 

FIGURE 10 Change in applications to failure when each factor is 
varied from low to high levels, with all other factors at middle levels. 

P :: load per tire (lb), and 
SEE = standard error of the estimate. 

R 2 =0.758 

where 

Esg 

H, = 
H2 
H3 = 
PSI; = 

SEE= 0.283 N = 568 obs (2) 

number of unweighted applications of axle load X, 
maximum subgrade vertical strain, 
surface layer thickness (inches), 
subbase layer thickness (inches), 
subbase layer thickness (inches), 
current present serviceability index, 

The number of unweighted applications for a specified 
terminal serviceability level was used as the dependent variable 
in the development of the performance model. The number of 
unweighted applications represented the actual number of load 
applications before a particular pavement section reached a 
specified terminal serviceability level at the AASHO Road Test. 
This is in contrast to the weighted number of load applications, 
which is a transformation of the actual number of applications 
observed, and is calculated by using a seasonal weighting 
function developed from Benkelman Beam deflection measure
ments. The number of unweighted applications was selected as 
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the dependent variable in the regression analysis primarily 
because it represented the actual data, and because vehicle 
counts conducted by transportation agencies are never weighted 
in actual practice. 

A plot of the predicted number of unweighted applications 
from Equation 2 versus the observed number of applications 
from the AAS HO Road Test is shown in Figure 12. A similar 
plot using the AASHO, unweighted performance equation is 
given in Figure 13. A comparison of the figures shows that the 
performance model developed in this study better predicts the 
observed performance at the AAS HO Road Test than does the 
unweighted performance equation developed during the Road 
Test. Statistically, the coefficient of determination (R2) for 
Equation 2 is 0. 758, a'nd the standard error of the estimate is 
0.283. In contrast, the AAS HO unweighted performance 
equation has an R 2 value of 0.48 and a standard error of the 
estimate of 0.36 (3). 1 n view of the results presented in this 
report, the performance model defined by Equation 2 was 
incorporated into the load-limit posting procedure. 
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DEVELOPMENT OF A STRUCTURAL ANALYSIS 
PROCEDURE 

An essential component of a procedure for determining load 
limits is a method for evaluating the structural response of 
existing pavements to various loading conditions. A simplified 
but rational methodology for determining pavement structural 
response was adopted. The methodology is based on linear 
elastic layer theory and the use of deflection measurements to 
directly estimate pavement structural response (i.e., asphalt 
concrete and subgrade strains). The same concept was used in 
the development of the PaDOT overlay design procedure for 
flexible pavements (6). This approach is rational and is much 
simpler than the deflection-basin-fitting methodology, which 
attempts to characterize the material properties of the pavement 
layers by comparing measured and calculated deflection 
measurements. The basin-fitting procedures require greater 
computer resources and are not suitable for practical imple
mentation on a microcomputer. 
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Fl GU RE 12 Predicted number of applications from new equation versus observed number 
of applications to failure from AASHO Road Test data. 
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versus observed number of applications to failure from AASHO Road Test data. 
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Equations were developed for estimating subgrade compres
sive strain from surface deflection measurements taken with the 
road rater or the FWD. The vertical compressive strain at the 
top of the subgrade is the structural response variable used to 
predict pavement performance for the load-limit posting pro
cedure. The three-layer, pavement structural model used in the 
evaluation of the effects of axle-load distribution was adopted 
to develop the equations for estimating subgrade compressive 
strain. A multi-layer, linear elastic program, BI SAR, which was 
developed by Shell Laboratories, was then used to generate 
theoretical deflection basins for each combination of layer 
moduli and thicknesses included in the factorial established to 
analyze the effects of axle-load distribution (2). A loading 
frequency of 25 Hz and a peak-to-peak displacement ofO. l inch 
was assumed for the road rater in the calculation of theoretical 
surface displacements. These assumed values for frequency and 
peak-to-peak displacement result in a peak-to-peak force of 500 
lbs and are the values PaDOT normally uses when road rater 
deflection measurements are taken. Theoretical displacements 
were determined at four different positions that corresponded 
to the four sensors of the road rater, which are spaced at I-ft 
intervals. 

A load level of9,000 lbs, applied through a circular plate with 
a radius of 5.9 in, was assumed for the FWD device in the 
computation of theoretical surface displacements. The dis
placements were determined at seven different positions that 
corresponded to the seven sensors of the FWD, assuming the 
sen so rs were spaced 1 ft apart. 

The theoretical displacements calculated by Bl SAR for the 
road rater and FWD loading conditions, and for each combina
tion of layer moduli and thicknesses included in the factorial 
study presented earlier, were subsequently correlated with 
theoretical strain values associated with various axle loads and 
axle configurations. The regression equations obtained are as 
follows: 

log 10 (Ezz)x,FWD = -4.273 + 0.433 log 10 (W 1 - W2) 

+0.560 log 10 (W
1 

+ 

R 2 = 0.9715 

2W2 + 2W3 + W.J 

-1.799 logio(H 1 +H2) + 0.912 

1og 10(P1;,e)X +0.122-v'fi; + 0.285"Vii'; 

SEE= 0.088 N = 3645 obs (3) 

log IO (E 22) x, RR = -2. 784 + 0.498 log IO ( W1 - W2) 

+0.477 log 10 ( W1 + 2 W 2 + 2 W3 + 

W.J -0.948°VH 1+H2 

R 2 = 0.9703 

where 

= 

= 

+ 0.9121og 10(P1;,e)X +0.097 H 1 + 0.673"ViT; 

SEE= 0.090 N = 3645 obs (4) 

vertical compressive strain at top of 
subgrade due to tire load X, computed using 
FWD measured deflections, 
vertical compressive strain at top of 
subgrade due to tire load X, computed using 
road rater measured deflections, 

Hi 
H2 
(Ptire)X 

SEE 

= 

= 
= 
= 
= 
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measured deflection at the ;th sensor of the 
deflection device used (inches), 
surface layer thickness (inches), 
base layer thickness (inches), 
tire load (lbs), and 

standard error of estimate. 

In the formulation of Equations 3 and 4, analyses of residuals 
were made to verify the assumptions of linearity, independence 
of error terms, and homogeneity of variance. In addition, 
correlations between independent variables were examined to 
prevent problems associated with multicollinearity. These steps 
were taken to ensure that the relationships established were 
statistically sound and robust. 

Plots of predicted versus theoretical strain values are shown 
in Figures 14 and 15. These plots show very good agreement 
and illustrate the accuracy of the predictions from Equations 3 
(FWD) and 4 (road rater). 

PROCEDURE FOR LOAD LIMIT ANALYSIS 

After the strain versus deflection relationships were developed 
and the performance model was formulated, a rational frame
work for evaluating load restrictions was developed (see 
Figure 16). Deflection measurements that were taken with 
either the road rater or the FWD were used in the load-limit 
analysis procedure to determine subgrade compressive strains 
due to various tire loads in the traffic stream. The number of 
allowable applications for each tire load was then determined 
from the performance model. A curve such as that shown in 
Figure 17 can be constructed by following a procedure in 
which the cumulative pavement damage is successively calcu
lated as tire loads of increasing magnitude in the traffic stream 
are considered. The load limits can then be determined by 
specifying a minimum time that a road must remain in service 
before rehabilitation is allowed. 

The load-limit analysis procedure was implemented in a 
computer program. The program is interactive and is suitable 
for use on a microcomputer. The program requires road rater or 
FWD measurements and information on the distribution of 
axle loads in the traffic stream. This latter information is 
usually unavailable or is not collected on a regular basis, 
particularly for low-volume roads. Consequently, efforts were 
made to define a typical traffic distribution for low-volume 
roads using data obtained from Pa DOT. The traffic distribution 
determined was then included as a default in the load-limit 
analysis program in the absence of site-specific traffic data. 
However, the default traffic distribution should not be used 
indiscriminately, because it may be significantly different from 
actual traffic conditions. Actual truck traffic count and weight 
surveys are strongly recommended. 

Output from the program includes a plot of the years to 
failure versus the load per tire curve, and a plot of the inverse of 
the number of allowable applications before failure versus the 
load per tire. A sample program output is shown in Figures 18 
to 20. A load limit may be determined from the plot of the 
number of years to failure versus load per tire (Figure 19) by 
specifying the minimum, required service life before rehabilita
tion. If a pavement engineer, for example, specifies a minimum 
period of 5 yrs before rehabilitation is allowed, a load limit of 
approximately 2,000 lb per tire would be determined from the 
plot. Load-limit postings in terms of axle-load limits can then 
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THEORETICAL LOG COMPRESSIVE STRAIN (in /in ) 

FIGURE 14 Predicted versus theoreticallog compressive strain using FWD deflection data. 
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FIGURE 15 Predicted versus theoretical log compressive strain using road rater deflection duta. 

be calculated for different axle configurations by multiplying 
the allowable load per tire by the number of tires per axle. In 
addition, the damage responsibility for different axle loads can 
be estimated by considering the relationship between the 
damage per unit load application (1/ N} and the load per tire. 
This relationship is illustrated in Figure 20. The amount of 
reduced pavement life attributed to each axle-load application 
can be determined from this figure. The total damage caused by 
a particular axle load can be estimated by multiplying the 
percentage of pavement damage per load application by the 
actual number of applications. 

The percentage of damage responsibility can be converted to 
cost responsibility by considering the cost of rehabilitating a 
certain roadway. For example, if the cost of rehabilitating a 
low-volume road is $20,000 per lane mile, and it was determined 
that an axle load at the legal limit causes 0.001 percent damage 
per application, then the cost associated with each application 
of that axle load would be calculated as follows: 

$20,000 x (.00 I) 

100% 
= $.20/mi 

This cost would most likely be borne by the taxpayers because 
the axle load was at the load limit set for the particular route. 
Assume, for example, that a different axle load, in excess of the 
load limit, also uses that particular route. Also assume that this 
other axle load causes 0.005 percent damage per application. 
The cost responsibility associated with this particular axle load 
would be calculated as follows : 

$20,000 X (O.OO~) = $1.00/ mi 

IOO% 
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NON-DESTRUCTIVE TESTING OF FLEXIBLE PAVEMENTS 

• DEFLECTION MEASUREMENTS 

~ 
TRAFFIC CHARACTERIZATION 

• DETERMINATION OF AXLE LOAD DISTRIBUTION 

i 
STRUCTURAL EVALUATION 

• DETERMINATION OF STRAINS FOR VARIOUS 
TIRE LOADS FROM DEFLECTION MEASUREMENTS 

~ 
PERFORMANCE EVALUATION 

• CALCULATION OF PAVEMENT DAMAGE ATTRIBUTED 
TO EACH TIRE LOAD IN TRAFFIC STREAM 

• APPLICATION OF MINER'S HYPOTHESIS TO 
- DETERMINE CUMULATIVE PAVEMENT DAMAGE, 

• PAVEMENT LIFE CALCULATIONS FOR VARIOUS 
TIRE LOAD LIMITS 

i 
OUTPUT 

• YEARS TO FAILURE VERSUS 
TIRE LOAD LIMIT CURVES 

• DAMAGE PER UNIT APPLICA-
TION VERSUS LOAD PER TIRE 
CURVES 

FIGURE 16 Rational framework for evaluating load restric
tions. 
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FIGURE 17 Selection of load limit based on minimum time 
to next rehabilitation. 
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However, the degree of responsibility a local road authority is 
willing to accept to maintain a particular posted route should be 
considered to determine a fee schedule for axle loads in excess 
of the posted load limit. Consequently, in the example given, a 
fee of $0.80 per mile per axle-load application would be 
assessed, which is the amount in excess of what the local road 
authority is willing to pay to maintain the posted route (amount 
in excess of the cost of the legal load application). 

SUMMARY AND CONCLUSIONS 

The Commonwealth of Pennsylvania has 44,000 miles of roads 
under its jurisdiction. A bout two-thirds of these roads are low
volume roads, which, in other states, are the responsibility of 
local governments. Because the majority of these low-volume 
roads have pavements with limited structural capacity, the state 
has the authority to restrict axle loads if it is believed that those 
axle loads would result in excessive damage to the pavement 
structure. A procedure for posting load limits is therefore 
necessary. The development of such a rational and compre
hensive procedure for load-limit analysis has been presented in 
this paper. 

In order to evaluate the effect of axle loads under a vari~ty of 
conditions, a theoretical analysis was conducted that considered 
various load magnitudes and configurations for different 
pavement thicknesses and material properties. It was found that 
axle configuration (i.e., single-, tandem-, and triple-axle as
semblies) did not significantly affect pavement response, pro
vided that the load per tire and the tire pressure remained the 
same. However, given an allowable value for load per tire, axle 
load limits for different axle configurations would still vary, 
depending on the number of tires per axle. 

Following the analysis of axle loads, a performance model 
based on subgrade compressive strain was developed from 
AAS HO Road Test data. In addition, equations were developed 
to determine subgrade compressive strain from deflection 
measurements taken with either the road rater or the Falling 
Weight Deflectometer. The procedure used deflection measure
ments to predict pavement performance for a given level of 
traffic. 

3EGINING Joa STA::oN 001:-00 
ENDING JOB STAT:ON oo:J-25 
:.iA:NTENANCE C:ASS A 
LANE R:G<iT 
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CURRENT PSI 3.50 
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FIGURE 18 Sample output from LOAD LIM showing input data for 
a particular problem. 
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FIGURE 19 Plot of load per tire versus number of years to failure. 

A microcomputer program was written that incorporates the 
load-limit analysis procedure and includes a default traffic 
stream that is typical of low-volume rural roads. The program 
generates information on the predicted years to failure for 
different load limits. Load limits can be determined by specifying 
a minimum time that a road must remain in service before 
rehabilitation is required. In addition, the pcogram provides 
information that is useful for determining which axle loads are 
responsible for pavement damage. Appropriate charges can 
then be assessed to heavy haulers for permits, and bonds can be 
estimated by the pavement engineer. 
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Structural Evaluation and Load Zoning of 
Low-Volume Roads: A Case Study 
KOON MENG CHUA, THOMAS SCULLION, AND ROBERT L. LYTTON 

Highway departments acutely need to be able to quickly and 
systematically monitor the structural integrity of low-volume, 
farm-to-market roads, which are basically two-layer pavement 
systems. This structural evaluation is often performed in 
conjunction with other pavement management activities, which 
include the evaluation of overweight vehicle permit applications 
and load zoning. The use of a fast and efficient procedure for 
accomplishing the above is demonstrated by a case study of a 
county in the State of Texas. Nondestructive tests using a 
Falling Weight Deflectometer were performed on all of the 
farm-to-market roads in the county and a program called 
LOADRATE was used to analyze the data. The solution is 
semiempirical and is based on field observations and on ILLl
p A VE, a nonlinear, finite element pavement analysis code. The 
microcomputer-based LOAD RATE program uses the deflection 
basin obtained from the Falling Weight DeOectometer, or the 
DynaOect, to determine the nonlinear elastic properties of the 
base course and the subgrade, and then computes the residual 
deformation, or rut, that will be caused by a particular repeated 
load on the pavement. It can also be used to estimate the base 
course thickness. The model adopted for repetitive loading 
follows a hyperbolic-shaped loading and reloading load de
flection curve with a linear unloading path. The presentation of 
the case study shows how Falling Weight Deflectometer data 
are systematically collected, analyzed, and used to determine 
the relative structural conditions of all of the low-volume roads 
in the county, and how this information ls integrated with the 
ongoing pavement management efforts. The resuhs of the 
analyses are also compared with current lqad-zoned roads. A 
discussion is also presented of how overweight vehicle permit 
applications can be evaluated, the various steps that can be 
taken to decide which farm-to-market roads are to be load
zoned, and what level of effort will be required to lift load 
restrictions. 

Highway departments currently need fast and systematic ways 
to determine the structural integrity of low-volume, farm-to
market (FM) roads. Few design procedures are available for 
these thin pavements. In the State of Texas alone, 254 counties 
are managed by 24 district offices, and the task of monitoring 
the structural performance of the highways is formidable . In 
addition, more than 60 percent of the highways iil the state 
consist of low-volume, two-layer pavements. These pavements 
frequently consist of a surface treatment and a 6- to 8-in-thick 
granular base course that is laid over a stabilized or unstabilized 
subgrade. The surface treatment is seldom more than an inch 
thick and is mainly used to waterproof and resist skids. 

Texas Transportation Institute, Texas A&M University System, College 
Station, Tex. 77843. 

In addition to the ongoing development of a pavement 
management system, the Texas State Department of Highways 
and Public Transportation (SDHPT) is developing the use of 
nondestructive testing (NDT) procedures to determine the 
structural condition of thin pavements for load permitting and 
design purposes. The use of a fast and efficient procedure to 
accomplish the above tasks is demonstrated by a case study that 
involves a county road network in the State of Texas. This study 
was performed as part of a cooperative research study between 
the Texas Transportation Institute (TTI) and the Texas SDHPT. 
Nondestructive tests that used a Dynatest Falling Weight 
Deflectometer (FWD) were performed on all of the farm-to
market roads in Willacy County and a program called 
LOAD RATE was used to analyze the data (I, 2). The solution 
is semiempirical and was developed from field data and from 
ILLI-PA VE, which is a nonlinear, finite element pavement 
analysis code (3). The LOAD RATE program uses the deflection 
basins from the FWD, or the Dynaflect, to determine the 
nonlinear elastic properties of the base course and the sub grade 
and then to compute the residual deformation or rut that will be 
caused by a particular load on the pavement. It has been found 
that the deflection basin can also be used to estimate the 
effective base course thickness (2). 

A brief description of the LOADRATE program and its 
results, and how the FWD survey is performed, is presented in 
the following sections. The results of the FWD survey of 
Willacy County and the load zoning considerations are also 
discussed. 

THE METHOD OF EVALUATING LOW-VOLUME 
ROADS 

The development and documentation of the LOADRATE 
procedure have been described in detail by Chua and Lytton (1, 
2, 4). In brief, the development of the method first involved 
obtaining a number of deflection basins using the Dynatest 
FWD for 7f) different sections of FM roads, and then using 
ILLl-PA VE, a nonlinear, finite element computer program, to 
back-calculate the nonlinear elastic properties of the base 
course and the'subgrade (3, 5). After all deflection basins were 
successfully matched, ILLl-PA VE was used to generate a data 
base for a factorial analysis from which the regression equations 
were obtained. The base course thickness was initially obtained 
from construction drawings and was checked with the Pavement 
Dynamic Cone Penetrometer (PDCP) (6). The regression 
equations in the LOADRATE program also related the non
linear elastic properties of the pavement layers to the rut depth 
generated under vehicle loading. Dynaflect readings can also be 
used instead of FWD readings, which is made possible by a 
correlation obtained between the readings of the two evaluation 
devices. 
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Material Properties 

The elastic modulus of the base course material can be 
expressed by 

where 

first stress invariant, 
modulus number, and 

(1) 

modulus exponent, taken to be 0.33 (I, 3). A value 
between 0.30 and 0.33 is commonly used for the ILLI-
PA VE analysis (7). 

The sub grade, which is also nonlinearly elastic, is classified as 
very soft, soft, medium, or stiff (3). When these curves are 
expressed in the form of Equation 1, a range is given of modulus 
numbers between 3,000 and 15,000 with modulus exponents 
ranging from -0.36 to -0.15, respectively. 

Load-Deflection Characteristics of Light Pavements 

A hyperbolic load-deflection relationship, which is analogous 
to the stress-strain relation used for soils, was assumed to model 
the pavement system (8, 9). The model is described by the 
following equation. 

/:;. 
p (2) 

A+ Bb. 

where 

A = inverse of the value of the initial tangent modulus, 
B = a positive or a negative value describing either the load 

asymptote or the deflection asymptote, 
respectively, and 

A = deflection measured. 

This model, which is shown in Figure 1, was found to be most 
suitable because it is able to fit the observed load-deflection 

Q 
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FIGURE I Load-deflection model for repetitive loading (rutting) on 
thin pavements. 
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data. Coefficients A and B can be obtained either by curve
fitting the load versus deflection data points or from the FWD 
deflection basin. It was determined that the hyperbolic load
deflection model could satisfactorily represent the pavement 
behavior with a single-wheel luau kvcl of up to at least 24,000 
lbs. 

The Rutting Model 

The unloading path of the load-deflection curve was determined 
from rut measurements of the recorded number of equivalent 
single-axle loads (ESALs) and the measured deflection basins 
of a series of farm-to-market roads from a data base for the 
State of Texas. These pavements were monitored over a 10-yr 
period starting in 1972. It is the ability to determine the 
characteristics of this unloading path that allows for the 
calculation of rut depths based on any load level. The number of 
passes of a given wheel load P to cause a rut depth of R can be 
calculated by the following equation. 

N = R 
(3) 

(b. - A X P f Multiplier) 

The Multiplier is the ratio of the slope of the unloading path to 
the initial slope of the load-deflection curve. It is at this point 
that an empirical equation for the Multiplier, which relates rut 
depth to the number of 18-kip ESALs, is introduced into the 
procedure and the equation takes the following form. 

Multiplier 1 + 1.2 X 10'.5 
( )

-0.65 
9,000 A 

1 - 9,000 B 
(4) 

The Multiplier was based on observed field data of 135 
pavement sections. The rutting model is shown in Figure 1. The 
rut depth is the sum of all increments of rut depth for each load 
application. 

When a multiple-wheel assembly is applied to the road, the 
load should be that of an equivalent single-wheel load (ESWL). 
The procedure incorporated in the LOADRATE program 
calculates the ESWL as that load that will cause a deflection at 
the top of the subgrade of the same magnitude as the most 
critical sum of all the single-wheel loads. The Boussinesq 
equation was used to estimate that deflection. 

Determining the Base Course Thickness 

When using the LOADRATE program, the base course 
thicknesses were usually obtained from construction drawings 
or from the results of the Pavement Dynamic Cone Penetrometer 
(PDCP). 

The PDCP that is used by Texas Transportation Institute is 
illustrated in Figure 2. This PDCP basically consists of a steel 
rod with a 60° cone of tempered steel at one end. A sliding 
hammer of about 17.6 lbs that falls over a height of 22.6 in. 
provides the consistent impact load required to penetrate the 
pavement. The penetration, which was recorded as inches per 
blow, gave an indication of the stiffnesses of the pavement 
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FIGURE 2 Pavement dynamic cone penetrometer. 

layers. A plot of the penetration rate versus the depth of a 
PDCP on a farm-to-market road section is shown in Figure 3. 
Experience has shown that a penetration rate of about 0.3 in. 
per blow or less was usually obtained when driving through 
base courses. When the thickness of base course was obtained in 
this manner, it is referred to as the effective base course 
thickness. Faster rates of penetration indicated that either the 
cone was in base materials mixed with fines from the subgrade 
or the cone was already in the subgrade. 

In cases in which the value of the base course thickness Hwas 
not available, it was found that the following equation gave a 
good approximation of the effective base course thickness. 

H [ --o_v_er_a1_1 :-t-if_fn_es_s_ X ( --W-~-~-7- ) ] n (S) 
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FIGURE 3 Typical pavement dynamic cone penetrometer results on 
thin pavements. 
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The overall stiffness is the test load divided by the measured 
deflection in mils (0.00 I of an inch), measured at the load point 
and WI and W7 refer to the FWD deflection measured by 
Sensor I, which is just below the load, and Sensor 7, which is 
94.5 in away, respectively. When the Dynaflect was used, an 
FWD equivalent sensor reading was approximated by a 
procedure described in Dyna test 8000 FWD Test System (5). A 
regression analysis that was performed using data from 24 thin 
pavements resulted in F = 1,958 and n = 1.85 (2). 

APPROACH TO CASE STUDY 

Willacy County is located in District 21, at the southern tip of 
Texas in an old flood plain of the Rio Grande River valley. A 
map of the county is shown in Figure 4. The heavy traffic on the 
county roads consists mainly of agricultural machinery and 
trucks hauling farm produce. During harvest time, the Texas 
SDHPT is usually faced with the dilemma of protecting its 
investment in highways without adversely affecting farm 
activities . Many of the thin pavements are load-zoned at a gross 
vehicle weight (GVW) of 58,400 lbs. Operators frequently 
submit overweight vehicle permit applications to use these 
pavements. Major operators are sometimes willing to share the 
costs of upgrading weak pavement sections to allow vehicles 
with a GVW of up to 80,000 lbs to be used . A need clearly exists 
for an efficient and technically sound procedure to define 
pavement upgrade requirements, because experience has shown 
that these dilemmas have frequently evolved into legal issues. 

D ata Collection 

The FWD data that were collected in Willacy County were part 
of an effort to implement a maintenance management system in 
District 21 of Texas. Visual, ride, and skid data were also being 
collected to document current conditions and to estimate future 
needs. First, for the network-level evaluation, FWD data were 
collected on all the farm-to-market roads at .5 mi intervals. This 
sampling rate was considered sufficient to locate stretches of 
weak sections along a road and allowed the survey of the whole 
county to be completed within a reasonable span of time. One 
can generally cover about I 0 mi of road an hour at this pace. 
The testing load was usually set at about 9,000 lbs, which is 
within the 8,000- to 12,000-lb range in which predictions from 
the LOAD RATE program are most accurate. In the event that 
load zoning or upgrading is considered for a particular road, a 
second pass can be made at 200-ft intervals using the FWD. 
This would help identify which 200-ft sections needed work. 

LOADRATE Results 

The FWD data from each FM road were analyzed by the 
LOADRATE program; a typical printout, which in this case 
was for FM road 491 from milepost 0.0 to 4.0, is shown in 
Figure 5. A graphic presentation of some of the results of this 
analysis is shown in Figure 6. The output was divided into three 
parts, as follows. 

In the first section of Figure 5 it is shown that the analysis 
called for the prediction of the number of passes it takes a 
9,000-lb, single-wheel load to cause a 0. 75-in-deep rut in the 
pavement. A rut depth of 0.75 in in a pavement section would 
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FIG URE 4 Willacy County map showing currently load-zoned roads. 

allow water to pool, which could cause hydro-planing; this is 
specified as a failure criterion. It is shown in Figure 5 that there 
is no observed rut depth. A 9,000-lb load, which is the same as 
an 18-kip single-axle load, is specified. One could also specify a 
number of trucks with different axle and wheel configurations. 
If the existing rut depth and the number of passes of a particular 
load (e.g., number of 18-kip ESALs) are known, the program 
will then determine the multiplier from these values. If the 
existing rut depth is measured and the number of 18-kip ESALs 
that caused it is unknown, the number of additional 18-kip 
ESALs it would take to cause a 0.75-in-deep rut can be 
calculated by inserting an allowable rut depth equal to 0.75 in 
minus the existing rut depth. 

The FWD deflection basin for the various pavement sections 
is shown in the second section of Figure 5. The base course 
thicknesses were estimated using Equation 5 and are graphically 
depicted in Figure 6(a) . It can be seen that the estimated 
effective base course thickness was between 4 and 6 in. 
Construction drawings showed a 6-in base course thickness . 
Three FWD readings at different load levels were usually taken 
at the start of each FM road section, which in this case was at 
milepost 0.0. 
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In the third section of Figure 5 is a list of the modulus number 
K 

1 
and a description of the subgrade type for the various 

sections. The stiffness of the pavement reported is the inverse of 
the initial tangent modulus, A, and BCOEF refers to the factor 
B, which is the inverse of the load asymptote. These two values 
were used in Equation 3 to describe the load-deflection 
behavior of the pavement section. AM ULT refers to the 
Multiplier given in Equation 4. The number of passes it would 
take the 9,000-lb, single-wheel load to cause the specified 0.75-
in-deep rut is also shown in the third section of Figure I. The 
variation of the number of passes to failure along the road is 
shown in Figure 6(b). WI CHECK gives the LOAD RATE 
prediction of the deflection at the center of the FWD loading 
plate. This can be compared with the measured values of WI in 
the second section of Figure 5 and gives an indication of the 
degree of accuracy to be expected. 

The overall status of any farm-to-market road can be 
evaluated by using a plot of the percentage oft he FM road that 
provides more than a given number of passes of an 18-kip 
ESAL to reach the critical rut depth, as shown in Figure 6(c). 
This graph is a particularly useful method of identifying the 
weak sections and of establishing load zoning requirements. 
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FIGURE 5 Computer printout from LOADRATE. 
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For example, it can immediately be seen from Figure 6(c) that, 
for about 11 percent of the 4.0 mi of road, it will take no more 
than 3,000 passes to exceed the 0.75-in rut depth. Some action 
may be required in the near future to rehabilitate those sections 
thut con readily be located in Figure 6(b). A visit to the site may 
reveal that the problem is a result of poor drainage, for instance. 
If remedial actions are taken soon enough, the cost of rehabil
itation could be minimized. 

A DISCUSSION OF THE RESULTS OF THE CASE 
STUDY 

Load Zoning Considerations 

The Texas SDHPT currently approaches the problem of load 
zoning by determining the gross allowable loads on the light 
pavement structure through tests of undisturbed samples of the 
subgrade. Texas Triaxial Tests are performed on the cored 
samples, which are soaked for as few as IO days and as many as 
60 days. This method requires a considerable amount oflabor 
in the laboratory and the coring process also disrupts traffic. In 
view of this fact, only very few samples can be taken along any. 
one road, which results in having to load-zone a whole FM road 

0 M.P. 0.00 

WILLACY COUNTY 
TEXAS 

- < 103 PASSES TO FAILURE 

, .......... ·} > 1 0 3 < 10 4 
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on the basis of the few samples that were tested. It is shown in 
Figure 4 that the FM roads are presently load-zoned to a load 
limit of a gross vehicle weight of 58,400 lbs. 

To compare the results of LOAD RATE with the current load 
zoning practice, the number of passes of an 18-kip ESAL that 
are predicted to cause a 0.75-in-deep rut (obtained from 
LOAD RATE) are plotted on the map of the entire county, as 
shown in Figure 7. The shaded sections of the figure represent 
the pavement sections that may fail with less than I 0,000 
ES A Ls; the dark sections are the most critical sections, in which 
less than 1,000 ES A Ls may cause failure. It should be noted that 
although these values appear to be conservative, they are good 
indications of the relative structural integrity among the roads 
in the county. 

A comparison of the LOAD RATE procedure and current 
practice for load zoning shows a strong correlation, as can be 
seen in Figures 4 and 7. For example, strong pavements such as 
FM 88 and FM 1834 are not load-zoned. In regard to sections 
that are load-zoned, FM 490 was also found to have weak 
sections by using the LOADRATE procedure. However, this 
should not imply that the whole FM should be load-zoned; the 
LOADRATE procedure can be .used to show which specific 
sections are weak. ln this case the critical pavement sections are 
identified to be around mileposts I 0, 15, and 18 of FM 490. 

FIGURE 7 Willacy County map showing results of LOADRATE analysis. 
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However, some discrepancies did occur when the whole county 
was analyzed. For example, the current load zoning procedure 
was not able to identify weak sections in FM 2629 and FM 2209. 
It is interesting to note that most of the weak sections in the 
county are located near intersections, as shown in Figure 7. 

Pavement Monitoring 

A routine FWD survey can be performed for any county at least 
once a year. It is estimated that an FWD survey of this county 
will take only about 2 weeks with deflection readings taken 
every 2,500 ft. Another week could be required if a second pass 
is made at closer intervals of about 200 ft to gather more 
information on the weak sections . The analysis of the results 
may take another week, which means that an FWD survey for a 
county of this size would take about 1 month. With the 
information available from this survey, the process of planning, 
budgeting, and scheduling could be performed more effectively. 
It can be seen that the procedure presented here is a feasible 
solution to the management of low-volume roads. 

The seasonal temperature and rainfall variations are im
portant things to consider when conducting an FWD survey. 
The effects of seasonal temperature are not critical to a study of 
Willacy County, as can be seen in Figure 8(a). However, if a 
conservative estimate of the structural integrity of the FM roads 
in Willacy County is to be made, then the FWD deflection 
survey should be conducted around September, which is the 
wettest month of the year, as can be seen in Figure 8(b). It may 
be necessary to conduct more FWD ·urveys in region in which .. 
freeze-thaw cycles occur. For example, survey , hould be 
conducted in the coldest, warmest, and wettest months in order 
to develop different load zoning maps of the type shown in 
Figure 7. This would ensure that the structural integrity of the 
FM roads is more accurately evaluated. 

Overweight Vehicle Permit Evaluation 

The following four steps should be considered when using the 
results of LOADRA TE to evaluate overweight vehicle permit 
applications: 

1. Trace the route proposed by the applicant on the county 
map shown in Figure 7 and determine if there are any weak 
sections along the route. If there are weak sections, perhaps an 
alternate route can be found. 

2. If weak sections are not avoidable, determine the length 
involved. 

3. The expected life of the pavement in years can be 
calculated from the number of passes it would take an 18-kip 
ESAL to cause failure as predicted by LOAD RATE divided by 
the estimated annual 18-kip ESAL traffic volume estimated. 
The life expectancy will then be reduced by the application of 
the overweight vehicle to be permitted, according to the 
following formula: 

(6) 

where 

N 
0 

= the number of passes of the overweight vehicle that 
will cause a critical level of rut depth, 
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Temperature and precipitation of Willacy County, Texas. 

the number of passes of an 18-kip ESAL to cause the 
same critical rut depth, 
the number of passes of the overweight vehicle being 
permitted, and 
the estimated annual 18-kip ESAL traffic. 

This reduction in life expectancy can be converted into 
additional costs that must be absorbed by the state if the 
overweight vehicle permit application is approved. The cost 
required to upgrade those sections can alternatively be 
estimated. 

4. Beyond this point, the evaluation becomes an admini
strative matter based on economics. For example, the solution 
may be to impose a fee to cover the costs that will be incurred 
from the reduced life of the pavement. 

SUMMARY AND CONCLUSIONS 

The LOADRATE procedure of evaluating the structural 
integrity of light pavement structures was briefly described. The 



164 

results of an FWD survey and analysis using the LOAD RATE 
program for an entire county in Texas was presented to 
illustrate the use of the load rating procedure. 

It was determined for Willacy County that an FWD survey of 
the FM roads at half-mile intervals would be sufficient to locate 
weak pavement sections. About 10 mi of road per hour could be 
tested at this rate. A complete survey and LOADRATE 
analysis of all the FM roads in a county that had about 200 mi of 
roads could take about 1 month, which means that the 
procedure described here is feasible, especially for managers of 
large highway networks . It is also shown that the information 
obtained from the LOADRATE procedure can help locate 
weak pavement sections and help manage pavement systems 
more efficiently. This information can also enable pavement 
engineers to evaluate overweight vehicle permit applications 
more efficiently, to decide which FM roads to load-zone, and to 
determine the level of effort required to lift load restrictions. 
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The Use of Central Tire Inflation Systems 
on Low-Volume Roads 
EDWARD STUART III, ED GILILLAND, AND LEONARD DELLA-MORETTA 

A description is provided of a comprehensive program that was 
conducted by the U.S. Department of Agriculture, Forest 
Service, to evaluate the effectiveness of central tire inflation 
(CTI) systems in the transportation of forest products over 
unpaved low-volume roads. CTI is a mechanical component 
system for vehicles that allows the operator to adjust the 
inflation pressure of tires while the vehicle is in motion. The use 
of this system would allow tire pressure to be varied so that 
low-strength, low-speed roads could be negotiated with low tire 
pressures and higher-strength, higher-speed roads could be 
negotiated at higher tire pressures. A proof-of-concept test and 
a feasibility study indicated that the use of such systems on 
low-volume roads is technically and economically feasible. 

E. Stuart , III , Pleasant Hill Engineering Center, USDA Forest Se rvice, 
2245 More llo Ave., Pleasant Hill , C;ll if. 94523. E. Gi lillnnd a nd L. 
Della-Moretta, Equipment Development Center, USDA Forest Service, 
444 E. Bonita, San Dimas, Calif. 91773. 

Such systems would provide considerable benefits to both the 
road agency and the road user in the form of lower costs for 
const.ruction and maintenance, and lower operating costs and a 
reduction in driver fatigue, respectively. In 1986 the Forest 
Service initiated two controlled, quantitative tests on specifically 
designed and constructed test tracks to measure the effects of 
tire pressure on the road and the vehicle. A series of qualitative 
tests were simultaneously conducted on ongoing projects of 
logging operations and gravel hauling to ascertain and demon
strate the feasibility of using low tire pressures on low-volume 
roads. 

The USDA Forest Service has been investigating the relationship 
between tire pressure, road deterioration, and timber haul 
costs. The tires of commercial logging trucks are typically 
inflated to pressures above 100 psi. Central tire inflation (CTI) 
systems, which are now available on some types of trucks, allow 
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the tire pressure to be varied over a wide range while the vehicle 
is in motion. A driver can reduce tire pressure to an appropriate 
level to negotiate low-speed, low-volume roads, and then 
increase the pressure to a level more appropriate for high-speed 
highway haul. 

It has been estimated that if these tire pressures can be 
reduced to a range of20-45 psi on low-speed, low-volume roads, 
considerable construction and maintenance costs could be 
saved. These savings would result from reduced surfacing and 
road maintenance costs. The vehicles would not only cause Jess 
road deterioration, but they would actually aid road main
tenance. It has been shown that low-pressure tires iron out 
washboards and smooth the road surface. In addition , less 
surfacing depth would be required to spread the loads to the 
subgrade because the tire footprint length is greatly increased 
and the load is applied over a substantially larger area. 
Additional benefits should also be realized from lower tire 
replacement costs (softer tires are damaged less often), reduced 
vehicle maintenance (softer tires have Jess of an impact on the 
vehicle as well as the road), and reduced operator fatigue 
(because of the softer ride). 

PROOF-OF-CONCEPT TEST 

A proof-of-concept test was conducted on a national forest in 
northern California during the summer of 1984. A fully loaded 
logging truck was operated on forest roads with cold tire 
pressures of 24 psi and 100 psi . The roads included unsurfaced 
(native soil) sections and cinder aggregate-surfaced sections. 
The test consisted of 300 passes of the vehicle with tires at the 
low pressure of 24 psi, followed by 300 passes at the higher 
pressure of I 00 psi, and a final 300 passes at the low pressure of 
24 psi. Truck speed was governed by operator comfort and 
control. Observations made during the test indicated that the 
high-pressure tires caused the road surface to deteriorate 
significantly in a form that included serious washboarding. The 
low-pressure tires caused no perceptible road damage; in fact, a 
significant improvement in the surface was noted at the 
completion of the final 300 passes. Other notable observations 
were made. During the high-pressure passes several parts were 
shaken off the truck; this did not occur during the low-pressure 
passes . Driver fatigue and discomfort were much greater during 
the high-pressure test. The time it took to complete a pass was 
longer during the high-pressure test and increased as the road 
deteriorated. Traction was much better with low-pressure tires , 
and less tire damage was noted during the low-pressure tests. 
There was no discernible difference in fuel consumption 
between the tests. The additional fuel that was consumed 
because oflonger footprints was apparently offset by the factors 
of reduced road roughness and tire sinkage into the road 
surface. 

FEASIBILITY STUDY 

As a result of the proof-of-concept test, the Forest Service has 
accelerated a program to investigate the effects of tire pressure 
and the implementation of CTI systems on forestry-related 
vehicles. A feasibility study was conducted by an independent 
consulting firm undfr contract with the Forest Service to 
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determine the benefits gained from variable tire pressure to the 
Government, road users, and vehicle and tire manufacturers 
based on available data. This study concluded that 

The use of such systems was technically and economically 
feasible. Significant savings in road construction and mainte
nance can result from the use of lower tire pressures on 
unsurfaced (earth or native surface) and aggregate-surfaced 
roads. User benefits that can be expected from the use of the 
lower tire pressures include: 

• Significant reduction in tire damage (bruises). 
• Significant reduction in impact-related spare-parts 

consumption . 
• Potential reduction in tire wear. 
• Potential reduction in fuel consumption. 
• Potential reduction in personnel injury due to road 

impacts. 

Potential benefits to vehicle, system, and tire manufacturers are 
primarily in the form of additional sources of revenue that 
would result from new products and markets. 

QUANTITATIVE TEST PROGRAM 

Because a significant number of quantitative unknowns still 
exist as to the various effects of low-pressure tires on roads, 
vehicles, and drivers, the Forest Service initiated an aggressive 
test program. The first quantitative test was conducted under a 
contract with the Nevada Automotive Test Center (NATC) in 
Carson City, Nevada. This test consisted of building a special 
test track approximately K mile long. The track consisted of 
sections that had native, aggregate, and paved (asphalt concrete 
and double-chip seal) surfaces of various thicknesses and 
sections that had a variety of obstacles such as half-buried 
rocks, washboards, and reinforced potholes. The primary 
purpose of this test was to quantitatively evaluate the effects of 
tire pressure on the vehicle including the tires and the vehicle 
operator. The secondary purpose of this particular test was to 
observe the effects of tire pressures on the various road surfaces. 

Two identical logging trucks were used in this test. The tires 
on both trucks were new steel-belted, 14-ply rated, radials of a 
rib and lug tread design that were supplied by tire manufacturers. 
Each truck made a total of 2,000 passes over the course with a 
full load of logs (80,000-lb GVW) and a total of 2,000 passes 
with no load (30,000-lb GYW). The trucks travelled at identical 
speeds that were predetermined for each section of the course. 
The following measurements were made using a variety of 
state-of-the-art mechanical, electronic, and electromechanical 
measuring devices: tread depth, tire geometry, deflection of the 
suspension system, yaw and pitch, fuel consumption, fuel 
temperature, drive shaft torque, tire slip, seat air-chamber 
pressure (driver comfort), and vertical and lateral forces at 
selected locations on each truck. In addition to the test track 
evaluations, the logging trucks were run on paved roads with 
high tire pressures at highway speeds. This was done to 
ascertain whether or not driving these tires on unpaved roads at 
low pressures had any effect on the performance of the tires with 
high pressures at highway speeds. This test was initiated in 
August 1986 and was expected to be completed in March 1987. 
However, at this point in time, a number of definitive results 
have been obtained that are reported in a later section of this 
paper. 
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As previously mentioned, the effect of tire pressure on 
unsurfaced or aggregate-surfaced roads was a secondary objec
tive of the NATC test effort and for the most part only 
qualitative evaluations were made. A second test track was 
under construction at the time this paper was prepared at the 
U.S. Army Corps of Engineers' Waterways Experiment Station 
(WES) in Vicksburg, Mississippi, to quantitatively determine 
these effects. The primary purpose of this test is to produce data 
that will be used to develop a formalized methodology to relate 
tire pressure to structural section design and road maintenance. 
This track , which is an approximately 0.6-mi loop, consists of 
two parallel lanes that have tight, 90-ft radius curves, flat 
tangents, and steep, 12 percent grades. Various types and 
thicknesses of surfaces are to be placed on the test track, and 
loaded and unloaded logging trucks are to be run over the test 
track at various tire pressures in the same way as the N ATC test 
program. The following quantitative measurements are planned: 

• Surface loss; 
• Roughness of road surface, including washboarding, 

rutting, and shoving; 
• Changes in density and moisture content; 
• Maintenance requirements of the various road surfaces; 
• Fuel consumption; and 
• Vehicle speed . 

All pertinent soil characteristics have been determined for both 
the native soil and surfacing materials . Road structural section 
requirements were predicted and will be compared with actual 
field results. 

Qualitative evaluations are planned to be made of vehicle 
stability and handling, and driver comfort and physical well
being. Quantitative measurements will be made to determine 
tire wear and damage, and the effects on the trucks. Testing will 
commence in the fall of 1987 and will be completed by 
September 1988. 

QUALITATIVE TEST PROGRAM 

The test program just described was designed to control and 
quantify as many of the variables as possible in a relatively 
controlled environment. As an adjunct to these tests, a series of 
qualitative tests were and are to be conducted in an uncontrolled 
environment on ongoing projects. The first of these tests was 
performed during a logging operation in the Boise National 
Forest in Idaho during the fall of 1986. A total of approximately 
I. 7 million board feet of logs (about 400 truck loads) were 
driven over a series of native-surfaced logging roads. 

Approximately 230 of these passes were operated at low tire 
pressures ( 45 psi loaded and 20-25 psi empty) and the remaining 
170 passes were operated at more commonly used tire pressures 
(90-110 psi). The four trucks were all equipped with new radial 
truck tires ( 11R24.5) immediately before the tests and were not 
driven anywhere but at the test site. The tire pressures were 
manually adjusted to the level appropriate for each phase of 
testing. Road deterioration, haul cost effects, speed, driver 
comfort, vehicle handling characteristics, and the effects on the 
vehicle were evaluated. Road deterioration was determined by 
making qualitative evaluations of roughness and soil and 
aggregate shoving on five test sections that were approximately 
300 ft long. Hau! costs were determined by maintaining records 
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of fuel consumption, round trip times, tire wear and damage, 
and vehicle maintenance. The speed of the vehicles was not 
controlled but was measured at critical locations (curves, 
grades, and tangents) with a radar gun. Driver comfort was 
q ualitativcly determined by inter viewing Lhe drivers and was 
quantitatively determined by a ridemeter that was developed by 
the U.S . Army Corps of Engineers at WES. Vehicle handling 
characteristic a nd the effects on the vehicle were dctcr~ined by 
means of observation and interview. All tires were removed 
from the trucks at the conclusion of the test and a sample of 1 O 
tires was tested and evaluated to ascertain the effects of low
pressure operations. 

Another test was conducted in Alabama during the fall of 
1986. Two new, 10-wheel pulp trucks were furnished for this test 
by Mack Trucks, Inc.; they were equipped with prototype 
central tire inflation systems. These trucks were evaluated for 
system performance on a native-surfaced logging road that was 
closed to all other vehicles. The road was divided into three 
segments. One segment was travelled with high tire pressures 
(70-100 psi), the second at low pressures (25-65 psi), and the 
third at extremely low pressures (I0-20 psi). Observations and 
measurements similar to the Idaho unstructured test were made 
on the trucks and the road. 

A third test is currently being conducted at the Olympic 
National Forest in the state of Washington. This test will 
evaluate the effects of tire pressure on six I 0-yard dump trucks 
during a gravel haul over aggregate-surfaced roads. One truck is 
equipped with a prototype CTI system. The tires on the other 
five trucks are being adjusted manually. Approximately 1,500 
loads are scheduled to travel over 7 miles of the road from the 
quarry to the construction site. Measurements and observations 
similar to those made in Idaho are also being made for this test. 
Additional qualitative tests on ongoing timber sales will be 
conducted during the summer of 1987 at locations throughout 
the United States. 

RESULTS 

Quantitative Test Program: NATC Site 

As was previously discussed, the N ATC test was not completed 
at the time this paper was written. However, preliminary results 
have been obtained and are shown below and in Table I. 

Verlical G-Force Measured at the Axle End of the Loaded Trucks in 
the Washboard Section 

Axle High Pressure Low Pressure 

Steering 1.50 0.78 
Ist drive 0.99 0.85 
2nd drive 1.40 1.02 
I st trailer I.IO 0.81 
2nd trailer 1.44 0.72 

The percentage of average tire wear during the loaded phase 
of the test at a high pressure was 15.4 and at a low pressure was 
13.1 . Fuel consumption (ton mile/ gal) during the loaded phase 
of the test at a high tire pressure was 84. I and at a low tire 
pressure was 83.0. 

All operators and visitors riding in the truck shared the 
opinion that the ride quality significantly improved when low 
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TABLE 1 REPAIRS AND ADJUSTMENTS OF TRUCKS 
DURING THE LOADED PHASE OF THE TEST 

High Pressure Low Pressure 

Man-hours for repair 37.5 15.6 
Number of load chain 

adjustments 15 3 
Nuts required tightening Yes No 
Replaced engine cross 

member Yes No 
Coolant leaks Yes No 
Replace king pin bushing Yes No 
Exhaust bracket loose Yes Yes 
Door latch broken Yes No 
Belts loosened Yes Yes 
Fuel tank strap broken Yes No 

tire pressures were used. During the test, the speed of the 
high-pressure truck had to be reduced in the washboard section 
because of the damage to the truck. All tests and evaluations 
performed on the tires to date indicate that there were no 
adverse effects from operating them at low pressures. 

The original washboard sections were constructed identically 
for both the high- and low-pressure lanes. However, during the 
test, the high-pressure lane showed a significant increase in the 
magnitude of wash boards, whereas the low-pressure lane 
showed a significant reduction in the severity of the surface. 

Qualitative Test Program: Boise National Forest 

It was evident to both the logging truck drivers and the Forest 
Service that changing tire pressures improved the condition of 
road surfaces and decreased the overall road maintenance 
requirements. This situation was dramatically different from 
that of the previous haul year, in which the road had required 
continual maintenance. The roads in this area became greasy 
when wet. During this test, the first pass of low-pressure tires 
had made the road surface so hard and smooth that only in 
areas of excessive subsurface water did the road surface break 
down under the high-pressure trucks. 

The restorative effect of low-pressure tire passes became 
apparent early in the test program. During the first phase, rain 
storms had saturated the road to the point that logging 
operations were temporarily shut down. During this time, other 
traffic that used high-pressure tires seriously damaged the road. 
After the road surface had dried out enough to resume hauling, 
the first high tire pressure phase of the test was planned to begin. 
However, the logging contractor and truck drivers suggested 
that trucks with low tire pressures should haul over the road for 
2 days in lieu of grading the road surface. The low tire pressures 
smoothed the road surface and grader maintenance was not 
required . Photographs that documented road conditions of this 
same haul road a year earlier, when normal tire pressures had 
been used on it, showed ruts as deep as" 16 in. Road maintenance 
had been continual. This same haul road was never maintained 
throughout the course of this test program. On steep grades, 
truck traction was improved by the use of a low tire pressure . In 
the case of an adverse haul over a wet road surface, the use of a 
low tire pressure prolonged the haul and delayed a temporary 
shut down. 

Condition surveys of the vehicles prior to and at the 
conclusion of the test indicated that no additional maintenance 
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or repair was required on the vehicles. The truck drivers agreed 
that over an extended period of time overall truck maintenance 
and repair would be decreased by the use of low tire pressures. 
They believed that over a period of time, both the frequency and 
degree of truck repair would decrease. 

Fuel use increased by approximately 10 percent during low
pressure operations. However, differences in road and weather 
conditions made the comparisons questionable.No tire damage 
was observed during the low-pressure operations. It is very 
unusual for logging trucks that operate on these types of roads 
to haul this amount of timber without any tire damage. One tire 
did blow out during the high-pressure operations. Upon 
completion of the test program, the trademark manufacturer 
designs that were molded in the tire tread were still evident, 
which indicated limited tire wear. However, during the course 
of this test program, each of the four logging trucks traveled less 
than 2,000 mi. Based on this limited mileage, no reasonable 
conclusions can be drawn from this test as to whether or not 
tread wear can be affected by changing tire pressures . The 
drivers noticed that their trucks bounced and rattled less and 
they were much less uncomfortable during the low-pressure 
operations. 

Alabama Test 

The road segment operated at a high tire pressure showed an 
increase in roughness (ruts and potholes) and finally became 
impassable after about 360 passes . At that point, the tire 
pressures were reduced to extremely low pressures to negotiate 
the damaged section. This section was gradually improved 
during the subsequent operations in which tire pressures were 
extremely low. The low-pressure segment showed minor 
roughness at the end of 360 passes, but was still considered to be 
in good condition. The section that was operated at extremely 
low pressures showed no deterioration during the test.No road 
maintenance was performed on any of the test segments. 

As the tire pressures were varied for each segment of the road, 
it was not possible to discern relative tire wear for the various 
pressures; however, no major tire damage was noted during the 
test. 

Fuel consumption was decreased on the sections in which low 
and extremely low pressures were used, which was attributed to 
the following statement of one operator. 

On the bad part of the road, with full tire pressure, I have to ease 
along in second gear using a lot of fuel . .. On the (low-pressure 
segments) I can drive with ease in fourth gear, and am using far 
less fuel. The truck is rolling easier, and smoother. 

Washington State Test 

Although this test was still underway at the time this paper was 
written, some preliminary results have already been obtained. 
After 3 weeks of hauling on low-pressure tires, the field 
personnel indicated that the haul road deteriorated much less 
than would normally be experienced at this time of year.No flat 
or damaged tires have been reported during this period. One 
can normally expect 12 flat or damaged tires in this time period. 

All of the drivers have stated that they have experienced 
much more comfortable rides with low-pressure tires and have 
expressed a strong desire to continue to operate with them. 
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CONCLUSIONS 

The following general conclusions are based on the results of 
the quantitative and qualitative test programs: 

• Damage to native- and aggregate-surfaced roads sig
nificantly decreased when tire pressures were lowered. 

• Low-pressure tires have a definite healing effect on the 
road surface. Improvements include the densification and 
smoothing of ruts and washboards. 

• The thickness of the structural section of aggregate
surfaced roads can be reduced for trucks that use low tire 
pressures. The quantitative amount of this reduction is still to 
be determined . 

• Vehicles with low-pressure tires can be operated in wet 
conditions that would normally prohibit truck travel because of 
the potential damage to the road and the inability of the trucks 
to negotiate the roads. 

• The damage to tires when they are operated at low 
pressures is significantly less than would normally be expected 
if they were operated at high pressures. Preliminary results 
indicate a slight reduction in tire wear for low-pressure tires 
operated on gravel- or native-surfaces. 

• The impacts on trucks and cargo are significantly reduced 
when low-pressure tires are used, which results in lower truck 
maintenance and repair costs. 

• Fuel consumption data showed very little difference 
between low- and high-pressure operations on aggregate- and 
native-surfaced roads. 
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• Vehicle speed increases when an appropriate tire pressure 
is used for certain road surface conditions (i.e., low pressure for 
rough roads). 

• Driver comfort and the control of the vehicle are greatly 
improved when low-pressure tires are used. 

Although tests are still currently being conducted, it is evident 
that the variance of tire pressures on low-volume, unpaved 
roads has tremendous economic benefits. Annual savings to the 
Forest Service in road construction and maintenance alone will 
be in the millions of dollars. If the added benefits of extending 
the operating season, reducing haul costs, reducing driver 
injuries, and decreasing cargo damage are considered, it is 
apparent that this concept is the beginning of a new era in 
low-volume road transportation. 
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Cost Evaluation of Alternatives To 
Rehabilitate Asphaltic Rural Roads 
ROBERT 5. KORBA 

The debilitating effects of frost and the steady increase in the 
number and weight of trucks using asphaltic rural roads have 
contributed to the loss of desirable cross-slopes by creating 
potholes, rutting, shoving, corrugations, and double crowns. 
Two general methods are available for local governments to 
correct this deteriorated condition. The traditional method is to 
level the road by adding either hot-mix or cold-mix asphalt to 
re-establish the proper cross-slope and add structural depth. 
Another method is to recycle the existing asphaltic materials 
and base in place. This practice has resumed because of the 
dramatic increases in asphalt products that resulted from the 
worldwide petroleum crisis that started in the 1970s. The cost
effectiveness of both methods combined with the use of 
different top courses for the wearing surface are analyzed in this 
paper. Examples of this work that were completed by county 
personnel will also be analyzed. 

INTRODUCTION 

Tioga County, New York, is located adjacent to the Pennsylvania 
state border in the central part of the state. Tioga County has a 
population of 50,000 and primarily consists of rural farms. The 
county could be considered a bedroom community that serves 
the larger industrial centers in the three adjacent counties. In 
addition to the farming industry, a good logging business 
encompasses the entire county. The terrain consists of rolling 
hills and valleys. The soil types of the valley areas are mostly 
characterized by well-drained gravelly type soils; the hills 
consist of poorly drained fine clays known in New York State as 
"hardpan" or "rock flour." 

The jurisdictional highway systems in the state consist of 
state, county, town, and city and village roads. The State system 
obviously occupies the better valley areas and the county and 
town systems are located in the hills. 

Winter temperatures are as low as -20° F. The county road 
system consists of 145 mi of two-lane, paved roads that vary 
from 18 in to 24 in wide with 4-in-wide shoulders. Traffic 
volumes range from JOO to 4,700 vehicles per day (vpd). Truck 
volume is unknown but from observations it is known to be 
significant. Most of these roads were built over the original 
ground and very little select base material was brought in at the 
time of construction. Over the years the county roads have 
increased in depth with a layering of a variety of road building 
materials. These materials consisted of gravelly soils, cold-mix 
stone aggregates, road oils, and hot-mix asphaltic concrete. 

The problem with the county roads is that the structural 
condition weakens in the spring when the hardpan soil is 
saturated with water that thawed from winter frost. The period 

Tioga County Department of Public Works, P.O. Box 291, Owego, 
N.Y. 13827. 

of saturation can last as long as 3 months (March, April, and 
May). When the milk tankers, logging trucks, and municipal 
dump trucks use the county roads during this period, the roads 
are distorted by the unstable clay soil, or hardpan, beneath the 
road. This distortion takes the form of rutting, shoving, 
creation of a double crowned road, alligator cracking, and poor 
road surface drainage, which further worsens all of the other 
conditions. 

The ideal solution would be to rebuild the problem roads in 
the following manner: 

• Sca rify the existing roadway; 
• Lay down engineering fabric the full width and length of 

the roadway; 
• Haul in 12 to 18 in of select gravel material (Table 1 ); and 
• Lay down a 4-in-deep layer of bituminous concrete base 

course follo wed by 1-1 / 2 in layer of bituminous concrete binder 
course and top it with 1-1 / 2 in layer of bituminous concrete 
Type 7F (Table 2) . 

TABLE 1 SUBBASE COURSE SPECIFICATIONS 

Graduation 
Type 

2 

3 

4 

Sieve Size 
Designation 

3 in. 
2 in. 
1/ 4 in. 
No. 40 
No. 200 
2 in. 
I / 4 in. 
No. 40 
No. 200 
4 in. 
1/ 4 in. 
No. 40 
No. 200 
2 in . 
1/ 4 in. 
No. 40 
No. 200 

Percent Passing 
By Weight 

100 
90-100 
30-65 
5-40 
0-10 
100 
25-60 
5-40 
0-10 
100 
30-75 
5-40 
0-10 
100 
30-65 
5-40 
0-10 

Source: Standard Specifications of Construction and Materials, 
New York State Department of Transportation, Jan . 2, 1985. 

This method would produce a road that should last 15 to 20 
years in this area with little road maintenance. At 1986 prices, 
construction would cost $13/yd2 for materials only. It should 
be noted that when company costs are addressed, they apply to 
materials only. 

Of the 145 mi of roads in the county, 30 mi are in good 
condition, which means that little maintenance would be 
required over the next IO years. The remaining 115 mi of road 
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TABLE 2 COMPOSITION OF BITUMINOUS PLANT MIXTURES 

MIXTURE BASE BINDER TOP 
REQUIREMENTS TYPE 2 TYPE 3 TYPE 7 

General Joh General Job General Job 
Limits Mix Limits Mix Limits Mix 

Screen % Toi. 7. Tol. % Tol 
Sizes Passing % Pass ins % Passing % 

2" 100 
1-1/2" 75-100 '! 7 100 
l" 55-80 '! 8 95-100 
1/2" 23-42 '! 7 70-90 + 6 100 
1/4" 5-20 '! 6 48-74 ± 7 90-100 
1/8" 2-15 '!.4 32-62 ± 7 45-70 '*" 6 
No. 20 15-39 t 7 15-40 f- 7 
No. 40 8-27 t 7 8-27 t 7 
No. 80 4-16 '! 4 4-16 '! 4 
No. 200 

f- 0.4 
4-8 '! 2 2-6 t 2 

Asphalt Content 7. 2.5-4.5 4.5-6 .5 ± 0.4 6.0-B.O t 0.4 

Asphalt Cement 
Upstate AC-10 AC-10 AC-10 
Grade & No. 702-02 702-02 702-02 

Asphalt Cement 
Down11tate AC-20 AC-20 AC-20 
Grade & No. 702-03 702-03 702-03 

Mixing and Placing 
Temperature Range °F 225-300 250-325 250-325 

Description and Typical Open base course dense intermediate dense, gritty 
Uses with relatively course with texture for single 

high permeability relatively low course resurfacing 
permeability of rural, suburban 

and urban arterial 

Note: (-) Dash means data not applicable 

Source: Standard Specifications of Construction and Materials, New York State Department of Transportation, Jan. 2, 1985 , 

require some type of pavement rehabilitation. The ideal solution 
described earlier would cost $17 .5 million, or $1. 75 million each 
year, for the next 10 years. 

Because the road capital construction budget is currently 
being funded at $0.6 million a year, a compromise must be made 
on what costs are acceptable against the effective life of the 
pavement. A variety of good solutions for road rehabilitation 
were found based on the variable given conditions of the road 
and traffic, and they arc described in the following recent cast: 
histories in road rehabilitation. 

CASE 1 (1981) 

Sulphur Springs Road is a cold-mix bituminous road that is 18 
ft wide and carries 600 vpd . It is a farm-to-market road that 
experiences severe rutting and cracking. Budgetary constraints 
forced the development of a process that would reshape this 
roadway at a very reasonable cost. A solution was found that 
involved an in-place recycling process and double surface 
treatment and cost a total of $1.60/yd2. 

Double surface treatment is a process in which a layer of# I 
aggregates (Table 3) are spread over a CRS 2 cationic asphalt 
emulsion (Table 4). The first layer of cationic asphalt emulsion 
was spread the full width of the road at a rate of .5 gal/yd2. This 
rate is variable and depends on how dry the existing asphalt is. 

After the first layer of asphalt was cured, the process was 
repeated again, usually with less asphalt, which in this case was 
.4 gal/yd 2. 

The recycling was accomplished by using a combination of 
county personnel and equipment and special rental equipment 
and operators from a contractor in the area that specialized in 
this type of work. The contractor furnished a water truck, a 
grader, scarifier (Figure 1 ), and a self-propelled mixing machine 
(Figurt: 2). The county furnished a grader and operator for final 
grading and compaction equipment. The mixing machine or 
rotomill was able to produce material that ranged in size from 
1/8 to 1/2 in (Figure 3). It was determined through the use of 
core samples that enough residual asphalt (5 to 6 percent) was 
present. No additives or rejuvenators were used because it was 
believed that the residual asphalt was adequate and the goal was 
to be as cos.t-effective as possible. 

The existing roadway had varying depths of cold-mix and 
hot-mix overlays as a result of patching operations. The 
pavement thickness of a cross-section of asphaltic material 
varied from 3 to 6 in. It was believed that this variable pavement 
depth contributed to further distortion of the cross-slope of the 
road. The intent was to recycle the road to blend all the different 
kinds and depths of asphalt products into a homogenous 6-in
deep product that would serve as an asphaltic foundation for 
the riding surface, which was still to be determined. This process 
created an opportunity to correct subsurface drainage problems. 



TABLE3 SIZES OF STONE, GRAVEL, AND SLAG AGGREGATES 

Screen Sizes a 

Size 
Designation 4 in. 3 in. 2- 1 / 2 in. 2 in . 1-1 / 2 in, I in. I / 2 in . 

Screeningsb JOO 
IB 
IA JOO 
IST 100 
I JOO 90-100 

2 JOO 90-100 0- 15 
3A JOO 90-100 0-15 

3 100 90-100 35-70 0-15 
4A JOO 90-100 0-20 
4 JOO 90-100 0- 15 
5 90-100 0-15 

Source: Standard Specifications (}{ Construction and Materials, New York State Department of Transportation, Jan. 2. 1985. 

Note: Dash mea ns data not applicable. 

No. 80 
I / 4 in. I / 8 In . Sieve 

90-100 
JOO 90-100 0-15 
90-100 0-15 
0-1 5 
0- 15 

"Percentage by weight passing the following squnrc openings. 
bscreenings include all or the fine mat•riul that pa,sed through a I / 4 in. screen All c rushing plants will be fitted with tailing chutes so that no aggregate will reach the bins 
other than that which passes through the proper screens. 

TABLE 4 CATIONIC ASPHALT EMULSION SPECIFICATIONS 

RAPID SETrlNG MEDI UM SEITING 

MATERIAL DESIGNATION 702-4101 702-4201 

GRADE CRS-2 CMS-2 

MIN MAX MIN MAX 

Tests on Emulsion: 

Viscosity, Saybolt Furol, 77F (25C) Sec - - - -
Viscosity, Saybolt Furol, 122F (50C) Sec 100 400 50 450 
Storage Stability Test, 1 Day - l - l 

(Difference in percent Residue) 
Classification Test Passes - -
Stone Coating Test - - Sa tis factory 
Particle Charge Test Positive Positive 
Sieve Test, percent 0.10 - 0.10 
Cement Mixing - - - -
Residue by Distillation percent 65 - 65 -
Oil Distilate, Volume Total Emulsion percent - 3 - 12 

tests on Residue from Dis ti Us ti on Tes t : 

Penetration 77F (25C), lOOg, 5 sec 100 200 100 250 

Tests on Asphalt !lase fo~]_ID.):lls~o.!!..i.. 

Penetration 77F (25C), lOOg, 5 sec 100 200 100 200 
solubility in trichloroethylene, percent 99.0 - 99.0 -
Ductility, 77F (25C), 5 cm/min, cm 100 - 100 -
Flash Point, F 350 - 350 -

(C) (177) - (177) -
!Il!ical Al!l!lication: 

Note (a) Surface Cold Mixes 
Treatment Penetration 
Penetration Macadam 
Macadam 

suggested Tem2eratu!;e Range 

Mixing F - - 100-170 
(C) - - (38-77) 

Spraying F 130-170 130-170 
(C) (54-77) (54-77) 

Note: 
(•) These typical applications are intended only as a guide for selecting the proper 

emulsion grade 

(b) (-) Dash means data not applicable 

Source: Standard Specifications of Construction and Materials, New York State Department of Transportation, Jan. 2. 1985. 
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FIGURE I Grader scarifying roadway. 

FIGURE 2 Asphalt chunks of pavement after scarifying. 

FIGURE 3 Scarified asphaltic material after rotomill work. 

Throughout any extended wet period, portions of this road 
would totally fail because of the number of springs in the area. 

After the roadway was scarified (Figure 4) and the rotomill 
performed its job (Figure 3), the grader operator bladed this 
material aside in the known trouble spots so that the crew could 
install underdrain or engineering fabric, or both. In cases in 
which the roadway elevation was at the same height as an 
adjacent wetlands, the scarified roadway material was picked 
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up, engineering fabric was installed, 12 in of Type 3 subbase 
material was brought in (Table I), and the original roadway 
was reinstalled (Figure 5) . The engineering fabric was applied 
to prevent pumping of the original ground (clay) material into 
the gravel, which would reduce the effective drainage char
acteristics of the gravel and result in a loss of loau bearing 
strength. No failures have resulted since use of the engineering 
fabric was begun in 1978. 

Five years have passed since this project was completed and 
the roadway is doing very well structurally . It still has a uniform 
cross slope, and there are no signs of rutting, shoving, or any 
type of pavement failure. The road rides comfortably, although 
the double surface treatment creates a tire noise that is louder 
than normal. Because the roadway is now structurally sound, a 
higher quality riding surface could be installed when budget 
priorities allow it. 

One major obstacle to recycling a road in place is the time
consuming problem of breaking down pavement that is greater 
than 6 in deep . Pavement de;:iths greater than 6 in require the 
use of another piece of equipment called a hammer mill. The 
hammer mill breaks down the larger chunks of pavement before 
the rotomill can proceed. This process can prolong con st ruction 
by as much as three times, and cannot be tolerated because of 
the construction schedule and the inconvenience to the traveling 

FIGURE 4 Underside of rotomill showing cutting teeth. 

FIGURE S Darker material is the result of in-place recycling of 
existing asphalt. 
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public. Pavement that was greater than 6 in deep received a 
two-course mix of trueing and leveling, and top. Most of the 
time this is of a cold-mix design. 

This recycling project was unique in that it required the 
interaction of county personnel and the contractor's personnel 
to form a combined crew that worked well together and kept the 
project on the planned fiscal schedule. In 1986, 19 mi of road 
were reconstructed through the use of this recycling method. 

CASE 2 (1982 AND 1984) 

Wilson Creek Road is a cold-mix bituminous, farm-to-market 
roadway that is 22 ft wide and carries 530 vpd. The overlay 
method was used to rehabilitate this road. The trueing and 
leveling course consisted of a 50-50 blend of millings from a 
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hot-mix pavement and virgin #1 aggregates. These aggregates 
were processed through a pugmill that added bituminous 
material emulsion CMS-2 (Table 4) to the millings to create the 
product. The average thickness was 2 in. 

The top course consisted of a 50-50 blend of #1 aggregates 
(Table 3) and# 1 aggregates that were premixed by the supplier. 
These aggregates were dumped into a traveling mix paver, 
blended with the emulsion CMS-2, and laid down at a depth of 
2 in . A month later this overlay was sealed with CRS-2 emulsion 
and #1 aggregates. 

The construction of 3.5 mi of road was completed in 1982 at a 
cost of $2.87 / yd2. In 1984 the remaining 2.5 mi of road were 
completed at a cost of $3.20/yd2. 

There are currently some minor cracks in the road surface. 
However, the roadway has a good cross shape that shows no 
signs of rutting. 

TABLE 5 ANIONIC ASPHALT EMULSION SPECIFICATIONS 

TYPE RAPID SETTING MEDIUM SETrING 

MATERIAL DESIGNATION 702-3101 702-3301 702-3401 __ 

GRADE RS-2 HFMS-2 HFMS-2h 
Min Max Min. Max Min ~ 

Testa on Emulsion: 

Viscosity, Saybolt Furol 77F (25C). Sec. 100 100 
Viacoaity, Saybolt Furol, 122F (50C). Sec. 100 400 100 400 

Storage Stability Test, 1 Day 1 1 
(Difference in percent Residue) 

Demulaibility, 35ml. 0.02N CaClz.percent 60 
Stone Coating Test Sa th factory Satisfactory 
Cement Mixing Teet, percent 
Sieve Teat, percent 0.10 0.10 0 0.10 
Residue by distillation, percent 63 65 65 
Oil Distill.ate, volume Total Emulsion percent 3 10 3 

Testa on Residue from Dietillstion Test 
Penetration 77F (25C}, lOOg, 5 Sec. 100 200 100 250 40 90 
Float Test, 140F (60C) Note (e) Sec. 1200 1200 

Ieeta on Ae2halt Base for Emulsion: 
Penetration 77F (25C}, lOOg, 5 Sec. 100 200 100 200 60 100 
Solubility in trichloroethylene, percent 99.0 99.9 99.9 
Ductility, 77F (25C, 5cm/min cm 100 100 50 
Flash Point F 350 350 435 

(C) (177} (177) (22!i) 

TY2ical A22lications: 
Note b Surface Base and Penetration 

Suggested Tellll!erature Range 
Mixing F 

(C) 
Spraying F 

(C) 

Notes: 

Treatment, 
Penetration 
Macadam 

130-170 
(54- 77) 

Shoulder 
Sta bi liza ti on, 
Cold Mixes, 
Shoulder Seal 

100-170 
(38-77) 
130-170 
(54-77) 

Macadam, 
Hot and Cold 
Mix ea 

75-170 
(24-77) 
130-170 
(24-77) 

a - Float Test MSHTO T-50, except that the residue from distillation shall be poured 
i111Dediately into the float collar at 500F (260C). 

b - These typical applications are intended only as a guide for selecting the proper 
emulsion grade, 

c - (-) Dash means data not applicable 

Source: Standard Specifications of Construction and Materials, New York State Department of Transportation , Jan. 2, 1985. 
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CASE 3 (1984 TO 1985) 

Oak Hill Road is a cold-mix bituminous, farm-to-market 
roadway that is 20 ft wide and carries 400 vpd. The road was 
n:habililale<l by uvedaying lhe rna<l surface with a two-course, 
cold-mix application. The trueing and leveling course consisted 
of a 50-50 blend of# I and #2 aggregates (Table 3) that was put 
through a traveling mix paver using a CMS-2 emulsion. The 
overlay was an average of 3 in deep. The top course consisted of 
a 50-50 blend of #I and # 1 A aggregates that were also put 
through the traveling mix paver using a CMS-2 emulsion. The 
top course had a uniform depth of 2 in. It was sealed a month 
later with a CRS-2 emulsion and# I A aggregates. The cost of 
this process was $3. 76/ yd 2. No problems have been experienced 
with this roadway to date. 

CASE 4 (1986) 

Montrose Turnpike and Ellis Creek Road were constructed by 
applying several layers of cold-mix bituminous materials over 
the original hardpan subsurface. The original width of the roads 
was 18 ft and the total length of both roads is 18. 7 miles. Traffic 
on both roads is approximately 300 vpd . 

The roads were rehabilitated by recycling existing materials 
to create a homogenous asphaltic base course. The recycling 
process was the same as that described in Case 1. Both roads 
were widened to 22 ft during this recycling process, and 
underdrain and engineering fabric were installed at predeter
mined locations. The cost of the recycling process in 1986 was 
$.50 / yd2. 

A dense, graded asphaltic cold-mix blend that consisted of 60 
percent screened and washed sand and 40percent#1 aggregat es 
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was installed over the 6-in recycled asphaltic base. A type 
HFMS-2h anionic emulsion at the rate of 18 gal/ton of sand and 
aggregates was used to bind the mix together (See Table 5). 

This mix was laid at a depth of 3 in and compacted with a 
double-drum vibratory roller. This mix created a high-quality 
roadway and did not require a seal coat because of its tightness. 

This mix was produced in a pugmill at the aggregate source, 
trucked to the job site, and laid through a conventional paving 
machine. The cost of the mix was $2.06/yd2. The total cost of 
recycling the roads with the contractor's rental equipment, 
including the cost of materials for the new cold-mix wearing 
surface, was $2.56/yd 2. 

It should be noted that in the study area the emulsions were 
best adhered to the aggregates by the use of cationic emulsions. 
Cationic emulsions are positively charged, as opposed to 
anionic emulsions, which are negatively charged. The local 
aggregates were negatively charged, and the attraction of 
negative and positive particles acted to bind the emulsion to the 
aggregates. 

To summarize, the cost of rehabilitating the roads ranged 
from $1 .60 / yd 2 to $3.76/ yd 2. The method ofrehabilitation was 
determined by assessing the following variables: 

• Traffic volume, 
• Available funds, 
• Type and depth of existing material, 
• Road drainage problems, and 
• Subbase analysis. 

A wide variety of road rehabilitation methods were used that 
produced more than satisfactory results. However, it appeared 
that in-place recycling and a new, densely graded cold-mix 
overlay provided the best results for the dollars spent. 
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The Maintenance and Rehabilitation of 
Sealed Rural Roads 
T. J. BROWN 

Some of the unique aspects of the New Zealand rural road 
network are summarized in this paper. In particular, details are 
provided of the road user charges that are applied to ensure that 
the heavy vehicles that impose the greatest wear on the 
pavement pay a fair share of the road maintenance and upgrade 
costs. All load-carrying vehicles, powered or unpowered, pay a 
portion of the cost of the deterioration they cause. Weight and 
distance licenses, and a surcharge on fuels used by light vehicles, 
ensure that sufficient funds are now available from road user 
taxes to fully fund the share of roading provided by the 
National Roads Board. For more than 50 years New Zealand 
has developed and used a low-cost but effective method of 
surface sealing on unbound base course pavement layers. The 
policy of the National Roads Board of placing priority on the 
maintenance of the roading asset by fully funding basic items is 
highlighted. Funds are available for a large reseal program on 
rural roads. The design philosophy and methods of application 
of these bitumen seals are fully described. Roads inevitably 
reach a stage at which minor maintenance is insufficient to 
retain an acceptable riding surface, and major rehabilitation is 
required. The design and construction methods developed to 
provide a thin layer of unbound base course shape correction 
treatments on previously sealed surfaces are covered in detail. 
Surface sealing is an appropriate and effective way of providing 
a good-quality road system in developing countries. However, 
it is essential that any construction program be fully matched by 
a comprehensive maintenance and rehabilitation program. The 
funding priority given to pavement maintenance is the main 
reason why New Zealand has been able to provide a high
quality, low-cost rural road network. 

New Zealand is about 264 540 km 2 in size and has a population of 
3,300,000. The country is geologically young; the terrain varies 
from flat coastal plains to mountainous country; the highest 
peak, Mt. Cook, rises to 3764 m (12,349 ft). The land form 
creates extremely variable road conditions. New Zealand has 
many rivers, which consequently necessitate a high number of 
bridges. It also has a rainfall pattern that produces frequent 
floods. New Zealand is in an active earthquake zone and is 
subject to volcanic action in some areas. 

Two main islands are separated by the rel~tively narrow 
Cook Strait, which creates a natural barrier to a complete 
national road system. The strait is crossed by road and rail 
ferries, and the trip takes about 3-1i2 hrs. There are about 
93 000 km of formed roads in the country. This represents a 
relatively low road density of0.35 km/km2, which is much less 
than that of European countries and some developing countries, 
such as India (/). However, New Zealand has a high vehicle 

Southland County Council, P.O. Box 903, lnvercargill, New Zealand. 

population of 440 cars per 1,000 persons that is second only to 
the United States, which has 530 cars per 1,000 persons. Despite 
the high number of car owners, most rural roads in the country 
fall within the low-volume road category. 

THE NEW ZEALAND ROAD SYSTEM 

The road system is principally administered by the National 
Roads Board (NRB), an autonomous body that was created by 
an act of Parliament. The members of the NRB represent 
municipalities, counties, private motorists, and heavy vehicle 
operators together with various government departmental 
appointees. 

The NRB is responsible for the setting of expenditure levels 
and priorities for the two roading sectors shown in Figure I. It 
totally funds the state highway sector and pays a subsidy for the 
maintenance and upgrade of local authority roads. Activities of 
the NRB are funded exclusively by road user contributions 
from (a) a tax on fuel, LPG and CNG, used in light motor 
vehicles, and (b) a weight and distance road user charge on 
heavy motor vehicles. 

The design, construction, and maintenance of the state 
highway system are administered by the Ministry of Works and 
Development (MWD), a department of the national govern
ment. It covers all motorways, major arterial highways, and 
secondary highways. Some minor rural state highways are 
delegated to local authorities for maintenance work. The 
remaining 81 500 km of roads are administered by 232 local 
territorial authorities. 

Road User Charges 

In any road system in which the user pays a portion of the costs, 
it is difficult to equitably distribute the costs according. to the 
various classes of vehicles that create the need for high 
geometric and structural standards and cause deterioration of 
the pavement . Many options such as tolls, fuel taxes, and tire 
taxes have been tried, but there were inherent administrative 
problems. In 1977, New Zealand imposed a weight and distance 
road user charge on heavy vehicles to recover a fair share of the 
cost of maintaining the road system. The charges were set 
annually by the NRB, which is required to recommend to the 
government the level of funding necessary to maintain and 
improve roads. Road user charges account for 49 percent of the 
NRB's total taxation income. 

Every vehicle that has a gross vehicle weight of over 3.5 tons, 
powered and unpowered, must be fitted with a hubodometer 
and carry a weight and distance license for the maximum gross 
weight that will be carried by that vehicle. The license fee system 
is calculated on the basis of the equivalent pavement wear 
caused by the combination of axles for any particular con-
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NATIONAL ROADS BOARD 

MINISTRY OF WORKS 

AND DEVELOPMENT 

STATE HIGHWAYS 

Length 11 500 km 

Sealed 11,000 km 

(95%) 

FIGURE I New Zealand road system. 

figuration . A comparison is provided in Table 1 between the 
rate per gross ton of various vehicle types and the most 
damaging vehicle, the two-axle truck. Travel by the unladen 
vehicle is charged at full laden weights; the fees are calculated by 
use of an average loading situation. The road user charge 
system is fully described in a paper by Fisher (2). 

Rural Roads 

New Zealand is predominantly a pastoral farming area and the 
country is well-known for its extensive sheep breeding and dairy 
products. Significant tracts of planted radiata pine forests serve 
an expanding timber industry. The dominant reliance of the 
national economy on rurally produced goods creates a relatively 
unique situation among developed countries and is the basic 
reason for the existence of a network of high-quality, sealed 
rural roads. 

Although the maintenance of gravel roads is a matter of great 
importance because of the lengths involved, only the mainte
nance and rehabilitation of sealed roads is discussed in this 
paper. Two-lane roads with a surfaced carriageway between 5.5 
and 6.5 m wide, depending on traffic volumes, and gravelled 
shoulders are predominant in the Southland area. The typical 
cross-section of such a road is shown in Figure 2. Geometric 

LOCAL AUTHORITIES 

COUNTY (99) MUNICIPAL (133) 

RURAL ROADS URBAN ROADS 

Length 67,700 km Length 13,800 km 

Sealed 26,000 km Sealed 13,200 km 

(39%) (96%) 

standards for five classes of roads that carry up to 2,500 vehicles 
per day (vpd) are detailed in the N RB's Guide to the Geometric 
Design of Rural Roading. 

The triple-deck sheep truck shown in Figure 3 is typical of the 
truck and trailer configuration that is used on farms. These 
units, which are shown as Type 4 in Table 1, traverse back 
country roads that may have a relatively poor geometric 
alignment. There is an increasing tendency toward the use of 
triple-axle semitrailers to increase load limits. These units tend 
to be severe on sealed roads when maneuvering at low speeds. 

The Southland Scene 

A brief description has been provided of the overall structure of 
the road administration in New Zealand. The principal aim of 
this discussion is to provide information on the maintenance 
and rehabilitation of rural roads, in particular the procedures 
that are followed in Southland County, which is situated in the 
extreme south of the South Island. This county is responsible 
for the longest road network (4100 km) of any authority except 
the M WD. There are about 6300 km of rural roads in the 
region. Terrain conditions vary from extensive flat land to 
rolling plains, in which road construction is relatively easy, to 
steep mountain passes in the Fiordland National Park, in which 
severe snow and avalanche problems are experienced in winter. 

TABLE I COMPARATIVE COSTS OF ROAD USER CHARGES 

Type Vehicle Maximum Legal Load (tons) Comparative Cost RUC/ton 

~ 14 1.0 

2 ~ 20 0.73 

3 ~ 35 0.73 

4 00 .... e, 39 0.65 

5 ~ 25 0.66 
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Formation 

Cilrriagcwily 

Wiltc r Gravel Scaled Surface Gravel 200 mm 

Ch ilnnc l Should •r 5.5 to 6.5 m Shoulder min 
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FIGURE 2 Typical road cross-section. 

FIGURE 3 Triple-deck stock transport unit. 

CURRENT ROAD POLICIES 

Funding Priorities 

In 1953 a comprehensive review of the roads in New Zealand 
was undertaken. Of the 87 500 km of formed roads that existed 
then, 13 300 km, or 15 percent, were sealed. As with most other 
developed countries, New Zealand experienced a post-war 
boom in construction and in the 1960s and early 1970s many 
thousands of kilometers of roads were sealed. By 1974 the 
length of the road network had increased to 92 000 km, of 
which 45 000 km, or 49 percent, were sealed. Changing 
government funding policies and the first world oil crisis caused 
a dramatic decrease in construction and a greater emphasis on 
maintenance. The 3-yr review of the NRB from 1974 to 1977 
stated the following: 

The Board has continued to regard maintenance as its first 
priority in the allocation of highway funds. As a consequence, a 
greater proportion of available funds has had to be directed to 
the maintenance and rehabilitation of ageing pavements which 
would otherwise have been replaced. Deterioration has been 
held by greater use of thin overlays, shape correction, and 
increased emphasis on resealing. In this connection it was found 
necessary to make a change in programming by introducing 
shape correction as a new maintenance item. 

The policy of giving priority to basic or maintenance items 
instead of construction has been followed since 1977. The major 
exception is the funding of bridge replacements, which are 

regarded as construction or capital items, but have funding 
priority, especially if weight restrictions are imposed on aging 
timber structures. 

Basics 

The policy of the NRB is to fund "basics" for both state 
highways and local roads at a regularly reviewed monetary level 
that takes the annual inflation rate into account. The term 
basics describes the following six work categories that relate to 
the maintenance and operation of the road system: 

• General maintenance, 
• Street cleaning and lighting, 
• Resealing, 
• Shape correction, 
• Bridge maintenance, and 
• Miscellaneous works. 

According to 1986 and 1987 NRB estimates, 82 percent of the 
total highway expenditure was committed to basic items, 
whereas in the rural road sector 91 percent of the total 
expenditure was allocated to basics and 8 percent to bridge 
replacements. The discussion will mostly focus on the basic 
categories of resealing and shape correction, because it is in 
these areas that techniques that are relatively unique to the New 
Zealand scene are employed. 

Reseal Policy 

Rural roads with sealed pavements are resurfaced under one of 
the following subcategories: a) maintenance chip seals that 
preserve pavement (i.e., conventional chip reseals and void
filling seal coats), and b) second-coat chip seals that are used to 
complete construction and shape correction works. 

Shape Correction Policy 

The current policy of the NRB for the approval of shape 
correction treatment includes the following provisions: 

i) Provides for the rehabilitation of existing pavements that 
are exhibiting distress such that: 
a) the ride is unacceptably rough; and/or 
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b) the cost of routine maintenance is uneconomic compared 
with rehabilitation. 

ii) the level "unacceptably rough" should be determined from 
economic considerations including traffic volumes. 

iii) The proven performance of the existing pavement and the 
type of pavement distress must be taken into account in assessing 
the form of treatment to be applied. Removal of the existing 
pavement should only be considered if other options are 
inappropriate or removal is shown to be the most cost effective 
treatment. 

The N RB policy for shape correction is also referred to later. 

Roughness 

A major criterion for the approval of shape correction is the 
roughness of the ride. Various measuring devices have been 
used to quantify roughness on highways and roads. Trailer and 
vehicle-mounted bump integrators have been used in the past. 
However, the Road Research Unit (RRU) of the NRB has 
recently decided to standardize the NAASRA roughometer 
developed by the Australian Road Research Board. These 
instruments are now on lriai in New Zealand and are providing 
good, directly comparative roughness measurements. 

Economic evaluation methods have been in use in New 
Zealand for a number of years, but local research data on road 
roughness measurements, the deterioration rates of roads, and 
the changes in operating costs of vehicles relative to road 
roughness is still lacking. 

THE ROAD PAVEMENT 

General Description 

The length of New Zealand's road system is detailed in Figure I. 
Specific reference is made in the following sections to the major 
maintenance and rehabilitation strategies of sealed rural roads 
under the control of county councils and to state highways in 
rural areas that carry low traffic volumes. 

In practically all cases these roads are constructed of an 
unbound granular base course that is generally at least 150 mm 
thick, and surfaced with a thin, bituminous chip seal. The seal 
does not contribute to the strength of the pavement but 
provides a waterproof, skid-resistant wearing surface. Few 
countries have utilized the unbound· pavement structure so 
successfully. However, New Zealand has shown that this type of 
construction, which successfully utilizes local materials and 
minimizes the use of bitumen, which must be imported by many 
countries, is a viable and economical solution to the production 
of good-quality pavement. Pavement can be economically 
designed for traffic loads of up to 5 X 106 equivalent design 
axles (ED As), especially in areas with abundant gravel resources. 

Construction techniques learned over many years have been 
successfully extended to lime- and cement-stabilized pavements 
that enable the use of low-quality or poorly graded aggregates 
on surface-sealed roads. 

Pavement Condition 

Because a road is progressively damaged by the effects of traffic, 
its condition changes according to, and is reflected by, how it is 
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used. The symptoms of a road's accumulated damage and 
evidence of its current condition are observed as pavement 
surface deficiencies (3). 

Flexible pavements are not prone to sudden failure; they 
generally dele1 iuiale gradually. The failu1e uf a flexible pave
ment is often described as fatigue failure because it is caused by 

a repetition of traffic loads. The failure of pavements is not 
analogous to the fatigue failure of metal, in which the material 
itself fails. Pavement failure is probably better described as 
progressive deterioration in which accumulated deformation 
renders the pavement unserviceable. The materials, however, 
retain a residual strength that can be utilized when the 
pavement is rehabilitated. A pavement can be considered to 
have failed when its surface is no longer acceptable for the 
comfort or safety of the traffic. Although traffic has a significant 
effect on pavement wear, adequate drainage is equally important 
to ensure a reasonable design life. 

Pavement Distress Modes 

The NRB Director of Roading and the author allended the 
1984 Brazilian Transportation Planning Agency/ UNDP seminar 
in Brasilia and gained some very useful knowledge on the 
economics of various road maintenance strategies (4). The 
methodology used in the Brazilian, Kenyan, and Carribean 
studies is directly transferrable to conditions in New Zealand, 
but cost factors and the deterioration rates of road materials are 
not. A considerable amount of work is being undertaken in New 
Zealand by the RRU to relate overseas studies to local 
conditions. The World Bank Highway Design and Maintenance 
model (HOM III) was developed from the studies in Brazil and 
other countries to economically evaluate the road costs and user 
benefits of a highway network. In a paper that deals specifically 
with the prediction of road deterioration in the HOM III 
model, Paterson describes various failure modes including 
cracking, ravelling, potholing, and rut depth (5). Empirical 
relationships are given in the paper for predicting the time of the 
appearance of each failure mode. 

Maintenance strategies for sealed roads in New Zealand are 
based on five basic distress modes, most of which result from or 
lead to surface cracks. Basic descriptions of the distress modes 
are detailed in the following paragraphs. They are also shown in 
Figure 4, in which HOM Ill modes are shown in parentheses 
(6). 

Loss of Waterproofing (Cracking) 

Cracking usually occurs because the binder in the surfacing 
layer has become too hard to accommodate the pavement 
deflection under load. Loss of waterproofing generally leads to 
surface loss. 

Surface Loss (Ravelling and Potholing) 

Surface abrasion on a sealed road results from insufficient or 
em brittled binder. Oxidation is the principal cause of embrit
tlement in bitumen mixes. 

Surface loss by potholing is associated with pavement 
materials that are impermeable to the degree that water from a 
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FIGURE 4 Surface failures. 

minor crack does not disperse, but causes the material to lose 
strength and eventually erodes under vehicle wheels. 

Shear Deformation (Potholing) 

Shear deformation within pavement is usually the cumulative 
result of a large number of unrecovered increments, and the 
mechanism depends on shear strength. The design properties 
required to resist deformation are adequate shear strength, both 
initial and long-term, and a lack of sensitivity to likely water 
contents. 

Subgrade Deformation (Rut Depth) 

Subgrade deformation is also the result of a large number of 
small increments, which is normal pavement behavior. The only 
question at issue is whether the rate of deformation experienced 
is as low as the rate it was designed for . Deformation rate is 
controlled by the stress reduction ability of the overlying 
pavement. 

Densification Within Layers (Rut Depth) 

Densification within layers normally results from unsuitable 
material properties or inadequate compaction. Many pavement 
failures can be rectified by drainage improvements and 
maintenance reseals. For extensive shallow shear and subgrade 
deformation failures and situations in which the problem does 
not solely result from poor drainage, the condition must be 
rectified by overlaying or strengthening the existing pavement. 
The desirability of extending the pavement's life in this manner 
should be considered if the extent of failure requires extensive 
maintenance work. 
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Drainage 

The lack of adequate drainage can significantly reduce the life 
of a flexible pavement. Emphasis has been placed on all aspects 
of drainage to maintain a dry base course and extend pavement 
serviceability. An example of the treatment of road verges lo 
improve longitudinal drainage and to provide a dryer subbase 
for the base course layer is shown in Figure 5. However, care 
must be taken to ensure that traffic safety is not impaired by 
providing adequate shoulder widths and safe road side channels. 
The following factors must be balanced when a road is 
designed: 

• A shoulder that provides lateral support for the outer 
wheel load and is wide enough to accommodate a vehicle that 
leaves the sealed surface, 

• A shoulder slope that will shed water without significant 
infiltration (minimum 8 percent), and 

• A channel deep enough to provide drainage of the 
subbase and disperse surface water. 

FIGURE 5 Example of drainage improvements. 

In many cases these requirements may be collectively 
unobtainable. It is then essential to resort to subsoil drains to 
provide the base course and subbase drainage. The various 
options for providing subsoil drains are shown in Figure 6. The 
actual drain can be a perforated plastic pipe, slotted asbestos 
cement, or filter fabric that encloses either an open-graded 
crushed aggregate with a high voids content or a preformed 
styrene core. Subsoil drains can improve pavement stability by 
controlling water in both fill and cut situations. Above all, in 
any flexible pavement design, it is essential to avoid the "bath
tub effect" shown in Figure 7. 

Pavement Deterioration 

The deterioration of a road can be associated with either its 
riding surface or its pavement structure. Roads can deteriorate 
in the absence of traffic by such factors as bitumen oxidation 
and moisture-related volume changes. Roads will deteriorate 
under most commercial vehicle traffic as a result of the 
irreversible components of the load deformation response of 
pavement materials. However, deterioration commonly results 
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below edge of seal 

FIGURE 6 Subsoil drains for pavements. 
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On existing roads locate drain 
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FIGURE 7 Bathtub effect. 

from a combination of traffic and environmental effects. The 
rate of deterioration is determined by the design, construction, 
and maintenance of the road. 

As the road deteriorates, various maintenance procedures of 
moderate cost can be used to prolong its life. Patching will 
retard structural deterioration. Nonstructural surface treatments 
can improve skid resistance, riding quality, and water per
meability. However, a stage will be reached when the pavement 
will need to be strengthened. This stage retrospectively defines 
the service life of the original pavement (Organisation for 
Economic Cooperation and Development, 1976) (3) . 

very 
good 

The rate of deterioration is an assumed factor in the 
assessment of the design life of a pavement. More accurate 
methods of predicting the development of an unacceptably 
rough surface are important in staged construction. The 
Highway Design Model is an important reference in this regard. 
The failure condition will be reached by the process of 
cumulative deterioration. This condition has been demonstrated 
graphically in many texts. Figure 8 has been reproduced from 
the Source Book for Auslralian Roads and is a good example of 
the reduction in pavement condition with time (3). 

The concept of staged construction, in which major restoration 
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FIGURE 8 Pavement serviceability levels. 
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or shape correction is used to extend the pavement life, is 
probably well-understood. However, experience has shown 
that the deterioration rate can be significantly reduced by the 
earlier intervention of the intermediate maintenance strategy of 
surface resealing. This practice can effectively extend the life of 
a pavement with moderate traffic volumes by eliminating one of 
the two main deteriorating factors: water. There are roads in 
Southland County that carry about 550 vpd that have had four 
reseals but no major rehabilitation and are still sound after 35 
years . The serviceability of the road can be depicted graphically 
by use of the reseal principle, as shown in Figure 9. The first 
warning level shown in Figure 8 is cracking. The road must be 
treated to maintain impermeability to water when this stage is 
reached. These principles have been confirmed in economic 
studies conducted by the United Kingdom Transport and Road 
Research Laboratory using information from the Brazilian 
studies (7). 

SURFACE SEALING 

F. M. Hanson established the concept of surface sealing in his 
paper The Bituminous Surface Treatment of Rural Highways, 
which was presented to the New Zealand Society of Civil 
Engineers in 1935. The 50 000 km of sealed roads now in 
existence in New Zealand are fair testimony to concepts that 
were developed more than 50 years ago and are still in use 
today. Two excellent reference books on surface sealing deal 
more extensively with the subjects covered in this paper (8, 9). 

SEALING MATERIALS 

Sealing in New Zealand is performed with 80/ 100 or 180/ 200 
penetration-grade bitumen. In the southern area, in which 
winter temperatures are colder, the softer grade of 180/ 200 
bitumen is used. This bitumen is normally fluxed with auto
motive diesel oil to soften the binder and reduce chip loss with 
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age hardening. The MWD generally restricted the amount of 
fluxing to 2 percent on state highways, but this level may be 
increased to 5 percent in areas that experience severe winter 
frosts. However, the practice on less-trafficked county roads 
has been to standardize on a 4 or 7 percent fluxed binder with 
good results. 

Kerosene is used as a cutter to assist the fluidity of the binder 
immediately after spraying in relatively low ambient temp
eratures. Kerosene is volatile and evaporates in a relatively 
short period, leaving only the fluxed binder. Bitumen blends 
that are typically used in Southland County are shown in 
Table 2. Recent Australian research has shown that the tradi
tional assumptions of rapid evaporation of cutter oils and the 
long-term retention of fluxing oils in the binder may be 
incorrect (10). There is concern over the environmental effects 
of using volatiles in hot bitumen spraying. The price of kerosene 
is also higher than the price of bitumen, which has led to an 
increase in the use of bitumen emulsions. However, these 
emulsions are currently being used as a binder for void-filling 
coats in cases in which too much residual chip protrusion exists 
(the sand circle is less than 150) to enable normal reseals to be 
applied . 

It is important to use a crushed stone chip of a uniform size in 
all surface sealing. Because the chips are subject to rolling and 
traffic when the binder is semifluid, they tend to become 
oriented with the least vertical dimension. It is essential to know 
the average least dimension (ALD) of the chip to be used when 
calculating the spray rate for bitumen reseals. The chip grades 
used for reseals are designated 2, 3, or 4, and the ALD 
specification is shown in Table 3. The smaller grade 5 and 6 
chips are specified by grading limits and the maximum size is 
shown in Table 3. 

First Coat Sealing 

The base course layer of a flexible pavement is shaped, watered 
to achieve optimum moisture content, and compacted to a 
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TABLE 2 SEALING BINDERS 

ALL BLENDS BASED ON 180/200 GRADE BITUMEN 

% % % CHIP 

GRADE USE BITUMEN FUEL OIL KEROSENE SIZE 

MCO Prime 51 4 45 6 

MC3 First Coat 90 4 . 6 3 - 4 

MRO Reseal 93 7 2 - 4 

MRS Reseal 96 4 2 - 4 

No1e: M RO is used where average vpd< 500 

TABLE 3 SEALING CHIPS 

Chip Size A.L.D. Application Rate Spray Rate 

mm m2/m3 l/m2 

Grade 2. 9.5 - 12.0 50 - 65 2.0 - 2 • .3 

Grade 3. 7.5 - 10.0 60 - 75 1.8 - 2.0 

Grade 4. 5.5 - 8.0 75 - 90 1.5 - 1. 7 

Grade 5. 7 mm max. 95 - 110 1.3 - 1.4 

Grade 6. 5 mm max. 115 - 130 1.1 - 1.2 

NOTE: Grade 5 and 6 chips used in void filling emulsion reseals 

dense surface using a combination of either rubber-tired, static 
steel wheel, or vibrating rollers. After sweeping, the surface 
should provide a good stone mosaic for bitumen adhesion. 

Two traditional methods are used to surface the road 
initially. In the first option, a low-viscosity cut-back MCO 
bitumen blend is sprayed on the surface at about 1.2 1/ m 2 and 
coated with a small chip. This is then sealed within about 2 to 3 
weeks, depending on the time needed to disperse volatiles, with 
an M RO bitumen coat and a grade 2 or 3 chip. This type of 
finish was more common when heavy compaction equipment 
was not readily available . The fluid prime coat penetrated into 
the base course and created a semibound pavement. This 
treatment is still used in some areas, particularly for autumn 
sealing or in cases in which frost may damage a tender first-coat 
seal. 

The second method is to spray the prepared surface with an 
M C3 bitumen coat and cover this with a grade 3 or 4 chip. The 
application rate for the bitumen is generally in the range of 
2.0 l/m 2. Typical chip application rates are shown in Table 3. 
First-coat seals have a normal life of between 1 and 5 years, 
depending on traffic, and should be resealed before any 
deterioration occurs. 

Principles of Reseals 

The N RB places great emphasis on the protection of the road 
asset and requires a regular reseal cycle on all roads. In 1984 and 
1985, a total of 2,085 km of local rural roads were resurfaced. 

On rural roads with lower traffic volumes, the cycle is usually 
every 10 to 15 years, with a maximum of 18 years on low volume 
roads that carry less than 100 vpd. The national average cycle 
for resealing is 13 years. A reseal every 8 to 10 years would be 
optimal in the state highway sector but this cycle depends on 
traffic volumes, chip size, and road and climatic conditions. 

The importance of maintaining a waterproof surface has 
been previously highlighted. A sealed pavement will deteriorate 
as a result of embrittlement and oxidation of the bitumen. This 
process results in chip loss, an increase in surface permeability, 
and water infiltration, which leads to pavement cracking and 
surface loss. It is essential to prevent those problems by 
regularly resealing the sound pavement to rejuvenate the 
surface. 

Besides providing an impermeable layer, the seal coat must 
also provide a skid-resistant surface. The purpose of a surface 
seal is to provide enough bitumen around the chip to hold it in 
position under traffic loads and ensure that the chips protrude 
enough to provide stone-to-tire contact to increase skid re
sistance and eliminate hydroplaning. This is a delicate balance. 
If too little bitumen is used, chip losses result. If too much 
bitumen is used, a slick surface results. The optimum surface 
finish is shown in the diagram in Figure 10. In practice, 
shoulder-to-shoulder chip contact is sought. Chemical adhesion 
agents are used to encourage chip adhesion , particularly when 
the new seal is subject to rain. Good chip retention results from 
the use of these additives but stone petrology is an important 
factor when choosing the type of chemical to be used. 

A combination of factors leads to deterioration of the skid 
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Height of binder film after rolling and traffic consolidation 

FIGURE 10 Sealing chip embedment. 

resistance of the road surface under traffic conditions. Embed
ment of the chips and stone wear cause a loss of protrusion. 
However, the most significant causes of loss of skid resistance 
are the bleeding of the bitumen in hot conditions and the 
bulking that results from intrusion of road dirt. These conditions 
lead to slick, dangerous surface conditions that must be 
rectified by either burning off the excess bitumen binder or 
resurfacing. 

Reseal Practices 

The most critical factor to be determined in resealing is the 
binder spray rate. This depends on the remaining voids in the 
present surface, the uniformity of surface texture throughout 
the pavement, and the grade of chip to be applied. It is possible 
to calculate the theoretical bitumen application rates for void 
filling and to bed the chip by a simple test known as the sand 
circle. A known quantity of graded dry sand is spread on the 
surface and the diameter of the resulting circle is a measure of 
the void content of the surface. Given the ALO of the chip to be 
used, the nomogram shown in Figure 11 is then used to 
calculate the spray rate. A complicating factor in all spray rate 
calculations is that the residual bitumen is required to be at 
15° C whereas spraying can be in the range of 120 to 160° C. The 
hot application rate must therefore be increased to allow for the 
volume reduction upon cooling. 

One of the problems with high fluxing rates with the softer 
grade of bitumen is the bleeding that occurs at increased 
ambient temperatures . The normal coastal temperature range 
in Southland County is -3° C to 23° C. When temperatures rise 
above 25° C, bleeding becomes a problem and grade 6 chip 
must be spread to rehabilitate the surface. Unfortunately, the 
smaller grade chip in the wheel tracks in which the bleeding 
occurs leads to a continued susceptibility to bleeding at lower 
temperatures and a considerable variation in surface texture 
over the width of the pavement. 

Spraying is performed by special tanker trucks fitted with. a 
multinozzle spraying boom. Units are regularly tested for 
uniformity of application and must be certified for work on 
highways. Modern plants have sophisticated electronic controls 
that monitor pump pressures , nozzle performance, and vehicle 
speed to get a closely regulated and accurate spray rate. Despite 
th e sophistication of the calculation of spray rates and control 
of the sprayer, a good deal of experience is required to ensure a 
uniform, satisfactory seal coat. 

Chips are applied as soon as possible after the binder. In most 
rural areas, the chips are spread directly from a reversing tip 
truck . Roller speeders are used to get a single-stone thickness on 
the road. Because different trucks and drivers are used on one 
job, the chip operator must have considerable experience to 
ensure a quality surface. 

Sealing Records 

An important aspect in programming reseals is an efficient 
record system of surfaced roads. Southland County has 
developed a computerized system that serves a number of 
purposes . Roads are identified by name, number, and route 
positions for particular sections. Current contract rates for 
various work items are entered into the program and, as sealing 
is performed, the position and length of road , seal width, 
sprayed volume, temperature, and chip quantities are recorded. 
The bitumen volume sprayed and the application rate at 15° C is 
calculated from the input data . This provides a physical record 
of particular road resealing, a contract payment of that work, 
and an update of the summarized sealing records. This program 
has significantly improved the financial control and recording 
of resealipg work . 

There are 1340 km of surfaced rural roads in Southland 
County. Programming reseals within budgetary constraints is 
difficult. Resealing represents 26 percent of the cost of road 
maintenance and is obviously an important factor in assessing 
priorities. 

An additional advantage of the computer program is that it 
forecasts future needs . Each road is classified according to 
traffic volumes and an expected seal life is assigned to each of 
the four classes. It is then possible to extract a year-by-year 
forecast of reseal requirements from the records. This forecast 
identifies peaks and troughs and action can be taken to adjust 
levels following on-site inspections of sample roads. The 
program can be adjusted to include shape correction and first
and second-coat seal requirements to ensure an even financial 
allocation. In the 3 years since its introduction this computer 
program has improved management strategy and financial 
control, and eliminated the uncertainty associated with a 
manual record system. 

SHAPE CORRECTION 

In 1984 and 1985, 398 km of rural local roads were shape
corrected nationwide. At this rate of maintenance, only 1.5 
percent of the sealed roads are being rehabilitated annually, a 
figure that is probably well below the deterioration rate. 
However, this work accounts for 17 percent of the basic rural 
expenditure. 

NRB Policy 

The NRB policy manual further addresses the general treatments 
for shape correction of sealed roads in two categories, sealed 
smoothing and major rehabilitation, and specifies the type of 
construction allowed . 
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Sealed smoothing applies to ex1stmg sealed pavements; 
treatments allowed include the following: 

• Grader-laid asphaltic mix, 
• Thin asphaltic overlays not exceeding 25 mm over high 

spots, 
• Unbound granular overlays not exceeding 70 mm over 

high spots, and 
• Treatments that involve ripping or reshaping, including 

the stabilization of the existing pavement material. 

Major rehabilitation applies to existing sealed pavements in 
which improvements are involved. Treatment allows for thicker 
overlays than are allowed in unbound granular overlays for 
structural reasons. 
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The design and construction methods described will cover 
only unbound granular overlays less than 70 mm and thicker 
overlays allowed for structural reasons. Both grader-laid, open
graded emulsion mixes and stabilization of existing pavement 
materials have been successfully used in this area. 

Design Methods 

The design of flexible pavements in New Zealand has tradi
tionally been undertaken using the NRB S4 method (11). The 
S4 method covers the design of all roads and is considered to be 
conservative for low-volume rural roads. An internal road 
design manual for Southland County was produced in 1983. 
The New Zealand Institute of County Engineers published 
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Pavements and Pavemen. Design (12) as a recommended 
design reference to complement the Guide to the Geometric 
Design of Rural Roads. Brief details of the current pavement 
design methods in use are as follows. 

The N RB S4 Method 

This design method for flexible pavements was developed from 
the 1963 edition of the Shell Design Manual and is based on 
limiting the vertical compressive strain in the subgrade that 
results from wheel loads. The allowable strain associated with 
various numbers of load repetitions of a standard 8200 kg axle 
(EDA) is as follows: 

Equivalenl 8200 kg 
Axle Load Application 

Vertical Compressive Strain 
on Subgrade (mm per mm) 

1.05 x 10-3 

6.5 x 104 

4.2 x 104 

2.6 x 104 

The design chart shown in Figure 12 was developed using the 
following relationship: 

E (elastic modules)= 10 CBR (MPa) 

The charts allow for the selection of the cover thicl ess of base 
course material that limits the critical strain to acceptable 
values under the design traffic loads. 

Defleclion Methods 

A method of using pavement deflections recorded by Benkelman 
Beam tests for pavement design was suggested by Belshaw in 
1967 and refined by Major and Tuohey in 1975 (13, 14). There 
are practical difficulties in using this method for new pavement 
design but the Benkelman Beam is an extremely useful tool in 
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the design and construction of overlays. It provides a practical 
method of monitoring pavement deflections as base course 
layers are added. · 

Revised N RB Method 

In 1983 a proposed revision of the S4 design standards was 
presented at the New Zealand Roading Symposium (15). The 
method was based on the 1978 edition of the Shell Design 
Manual and adopted a linear, layered elastic approach. Con
sideration was given to the fact that the predicted pavement 
depths are realistic in terms of pavements that have performed 
adequately in service. The input values used in the design are 
derived where possible from tests performed in New Zealand. 
This design method attends to the loss of serviceability of the 
pavement through wheel rutting or loss of structural integrity 
by limiting sub grade strain (permanent deformation) in unbound 
pavements. 

Greater emphasis is placed on the design of pavements with a 
stabilized sub base or base course in this revision. It also differs 
from the S4 method because it uses a different relationship 
between the elastic modulus(£) and the CBR found in South 
African experiments. The relationships used are as follows: 

E = 20 (CBR)0·64 for CBR::; 12.7 
E = 8 (CBR) for CBR > 12.7 

Graphs are produced for two different pavement categories: 
premium and lower grade. The latter is applicable to low
volume roads and is reproduced in Figure 13. 

Design of Overlays 

The design of granular overlays uses a similar principle but a 
different technique in the initial design of the pavement. Use is 
made of observed pavement performance as the prime indicator 
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FIGURE 13 The modified S4 design chart for lower-grade, flexible pavements with a chip seal. 

of subgrade and pavement material properties. There are very 
practical advantages in designing an overlay for an existing 
road as opposed to designing a completely new road . Surface 
rehabilitation is essentially staged construction and in most 
cases there is no deviation from the existing alignment. Traffic 
patterns are known and growth patterns are predictable. The 
service provided by the existing pavement _can be checked for 
past loading and obvious weak spots can be tested by the 
Benkelman Beam, CBR, or Scala penetrometer and individually 
treated . 

Overlays are required in response to pavement deterioration 
caused by either shear failure, subgrade deformation, or a 
combination of the two. In the first case, the design of the 
structural overlay is the same as for a new pavement . However, 
an overlay design for subgrade deformation is based on the 
assumption that the road has already carried a certain volume 
of traffic and the subgrade has a proven capacity. 

To calculate the additional thickness of base course required 
on an overlaid road, an estimate is made of the total traffic that 
will use the road on the assumed pttvement life, or the number of 
EDAs carried by the road to date, and the projected future 
usage. The pavement thickness is determined by use of average 
subgrade CBRs. A further calculation is made of the cover 
thickness required for the total traffic that has been carried to 
date. The difference between the two calculated thicknesses is 
the depth of additional base course that must be added to 
extend the pavement life by the design period. The design 
methods are fully detailed in a study by Troon (12). 

Construction Materials 

The base course material should comply with the NRB M/ 4 
specification to achieve the optimum pavement characteristics 
of weathering, strength, permeability, and compactibility. This 
specification defines the usual parameters for stone soundness 
and the grading envelopes for the AP 40 base course and the AP 

20 top course materials. An additional grading shape control 
requirement is specified and both factors are detailed in 
Table 4. The AP 20 material is specifically designed for thin 
overlays and is recommended for use in cases in which there will 
be not Jess than 40 mm over the high spots and not more than 
I 25 mm in depressions. The AP 40 base course material is 
regarded by many contractors and pra.ctitioners to be too 
"boney" and hard to compact without additional nonplastic 
fines. 

The base course material is applied to the road and constructed 
in the normal way, using vibrating, static steel-wheeled, and 
rubber-tired rollers to provide a dense surface. Care must be 
taken when applying water to the road to optimize compaction, 
particularly when the old seal is still intact (16) . Construction 
staff need to be aware of the need for greater control in 
constructing an overlay as opposed to a new pavement because 
of the generally tighter tolerances. 

The Existing Seal Coat 

One option is to rip the old seal surface to bond in new material 
or to build on top of the undisturbed road. That decision should 
be made on an individual basis, and the depth of overlay, the 
condition and thickness of the seal coat, and the need to 
stabilize the underlying layers should be considered . Present 
practices would generally support leaving the present seal 
intact. The advantages and disadvantages of not ripping the 
existing seal include the following: 

Advantages 

• It provides a good working platform. 
• It provides additional waterproofing to underlying layers. 
• It provides a membrane that resists the rise of moisture 

into new base course layers or the intrusion of old, clay
contaminated pavement material. 
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TABLE4 BASE COURSE AGGREGATE 

Gradins EnveloEe 

Percentage Passing 

Test Sieve 

AEerture AP 40 AP 20 

37.5 mm 100 

19.0 mm 66 - 81 100 

9.5 mm 43 - 57 55 - 75 

4.75 mm 28 - 43 33 - 55 

2.36 mm 19 - 33 22 - 42 

1.18 mm 12 - 25 14 - 31 

600 um 7 - 19 8 - 23 

300 um 3 - 14 5 - 16 

150 um 10 max. 12 max. 

75 um 7 max. 8 max. 

• It preserves the inherent strength of existing pavement. 
• It eliminates problems with lumps of seal clogging 

pavement layers. 
• It eliminates the costs of ripping and removing. 

Disadvantages 

• Some opinions suggest that a 100-mm layer placed 
directly over an old seal will become unstable whereas a 150-
mm layer will remain intact. Lesser thicknesses can be used if 
the seal coat is removed and the old base course is scarified. 

• Leaving the existing seal intact tends to lead to layer 
separation and could cause problems with rolling that results 
from shear forces in the bottom layers of the overlay in which a 
smooth seal surface could prevent interlocking of aggregate. 

• Problems could occur when depressions in existing seal 
coat collect water and saturate the overlay. 

• The consideration of infiltration is empha·sized in overlays, 
because the presence of an existing seal coat cuts off the overlay 
material from the traditional drainage layer of a conventional 
pavement. 

Economic Appraisal 

The NRB requires a benefit and cost analysis for all shape 
correction proposals and new standard methods have recently 
been promulgated. It is interesting to note that in a major review 
of roads conducted in 1953, road surfaces were ranked according 
to the vehicle operating cost on each type and the Ministry of 
Works estimated that an improvement in running surface 
would, "at a conservative estimate, save 2d per mile in average 
operating costs against what will be the cost of operation on 
deteriorated roads. "The latest economic appraisal manual uses 
the NAAS RA roughness counts to calculate the additional cost 
of operating vehicles on rougher roads. It is believed that the 
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Gradins ShaEe Control 

Percent of Materials 

within given fraction 

Fractions AP 40 AP 20 

19.0 4.75 mm 28 - 48 

9.5 - 2.36 mm 14 - 34 20 - 46 

4.75 - 1.18 mm 7 - 27 9 - 34 

2.36mm - 600 um 6 - 22 6 - 26 

l.18mm - 300 um 5 - 19 3 - 21 

600um - 150 um 2 - 14 2 - 17 

new procedures are cosmetic rather than factual , particularly in 
relation to any actual reductions in operator costs from lower 
roughness counts on short lengths of shape-corrected roads. 

CONCLUSIONS 

New Zealand is a country as large as Colorado and slightly 
larger than Idaho and Kansas. The rural road problems in the 
United States described by Baumel and Schornhorst are 
experienced to some degree in New Zealand (17). However, the 
system of road user charges on heavy vehicles and a fuel tax on 
light vehicles has ensured that the central road funding agency 
in this country, the National Roads Board, can collect sufficient 
money to maintain and rehabilitate highways and local roads. 
Bridge replacements receive priority funding but all road 
authorities would like more construction money to enable road 
improvements to be made at a faster rate . There is a great deal of 
benefit in deriving the major part of road finance from road user 
taxes . It eliminates the political pressure to divert general tax 
income away from road construction and rehabilitation and 
into other more politically rewarding areas. 

New Zealand has successfully used an unbound granular 
pavement with a surface seal to produce a high-quality, low
cost network for both high- and low-volume roads. Priority has 
been placed on maintaining the real asset of the road investment 
by ensuring adequate funds for the resealing and rehabilitation 
of surfaced roads . A fundamentally sound road maintenance 
management system is essential for an effective road transport 
system in any developed or developing country. 
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Road Network, Materials, and Evaluation in 
Jordan 
T AISIR S. KHEDAYWI, EGONS TONS, ANDS. BINDRA 

The economic activity in Jordan during the last IO years has 
caused a substantial increase in traffic, which in turn has 
affected the condition of pavements, especially those designed 
for lower traffic volumes. Many stretches of roads will have to 
be improved or reconstructed earlier than expected. Although 
the increase in traffic is assumed to be the major factor in road 
deterioration, other factors such as the effect of materials, 
design methods, and construction procedures cannot be over
looked. An appraisal of the Jordanian environment, road 
traffic, and road-making materials is presented. Problems with 
materials and construction are discussed and some typical 
pavement failures and their probable causes are described. Case 

. '. Khedaywi. ivil Engineering cpartme nt . University or Science 
a rid Tcchool gy, lrbid , J ordan. E. T ons, University of Michigan, Ann 
Arbor. Mich. 48109. 

histories that dealt with the evaluation of asphalt pavement 
deterioration in several roadway sections in the Irbid area of 
Jordan are discussed. This evaluation involved the physical 
sampling of components, condition surveys by 40 people who 
rated the roads, and the mechanistic measurements of a Present 
Serviceability Index. Some present and future studies on 
pavement components are also included. 

The Hashemite Kingdom of Jordan occupies a strategic 
geogra phic position in the Middle East. Its road network 
system is more extensive than other transport systems and it 
provides a distribution base for national and interna tional 
ma rkets. Almost a ll of the paved roads in Jordan have a surface 
that contains bitumen. Because of the rapid development , of 
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economic activity in Jordan in the last IO years, many road 
projects have been planned, designed, and constructed. This 
road constru_ction has been accompanied by a substantial 
growth in both population and motor vehicle registration 
(Table I) . The government of Jordan i taking actions to foster 
further economic expansion through development strategic 
that would enhance the potential of the Kingdom's resources 
and minerals (primarily phosphate, potash, and building 
materials), agricultural products, and skilled manpower. The 
increase in Jordan's road transportation during the last decade 
is likely to continue for many more years . 

The road development program envisaged for the country 
involves large amounts of money, manpower, and materials 
and will concern not only the building of new roads, but also the 
improvement of the existing network. Many stretches of the 
older roads will have to be reconstructed sooner than had been 
expected because they were de ·igned for low traffic volumes. 

Although the increase in traffic volume has been a major 
reason for the premature failure of roads, it is clear that there is 
a need for careful consideration of such factors as the choice of 
materials, design methods, and construction techniques so that 
newly designed or rehabilitated pavements will last for their full 
design life. The needed research efforts and priorities for 
optimal utilization of resources, however, have to be directed 
from an integrated approach that has evolved from such 
considerations as conservation, economy, performance, ease of 
construction, and ease and cost of maintenance. A brief 
appraisal of the main parameters of geography and environ
ment, road network, traffic, and the material resources to 
develop an understanding of the highway problems in Jordan is 
given in the following section with an emphasis on low-volume 
roads. 

THE ROAD NETWORK IN JORDAN 

The existing road network in Jordan is 6332 km long. Of the 
total network 76 percent is paved and 24 percent is unpaved. 
The local rural roads that serve small villages and agricultural 
areas account for about 3500 km of the network, of which 2400 
km are paved. The secondary road system, on which long trips 
are made by low traffic volumes, is 825 km long. The paved, 
higher-volume roads account for about 2000 km. The general 
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traffic distribution of these roads is shown in Figure 1. 
Therefore, about 75 percent of all low-volume roads in Jordan 
have some kind of asphalt-treated surface. 

The Jordan Government's future development plans will 
require the modernization and extension of the existing road 
system. The intention of the plans is to develop sources of 
income through development strategies that enhance the poten
tial of the Kingdom's natural, industrial, and human resources. 

ROAD TRAFFIC IN JORDAN 

Road freight traffic and passenger transport have both grown 
rapidly in the recent past. According to present data, motor 
vehicle registration doubled in the 6-yr period from 1979 to 
1985. Ownership rates for passenger vehicles grew from 8. 7 per 
1,000 people in 1970 to 118.4 per 1,000 people in 1986. Private 
automobile ownership increased from about 30,000 in 1976 to 
221,454 by 1985 and is expected to reach more than 387,000 by 
the end of the century. 

The maximum legal load limit for single-axle commercial 
vehicles is 13.5 tons. This limit has been recently increased to 20 
tons on certain strategic routes. Wide traffic variations exist in 
terms of weight and volume. In a recent pilot study of the axle 
load spectrum it was observed that the equivalent number of 
standard axles of 8200 kg per l 00 commercial vehicles could be 
as high as 500. 

GEOGRAPHY AND ENVIRONMENT 

The terrain of Jordan has a variety of different landscapes and 
climates. The eastern desert area is a semiarid steppe that 
receives little rainfall. The central spine of the country, the 
highland plateau and hill region, runs from north to south . To 
the west, the Great Rift valley runs the entire length of the 
country, and includes the Jordan valley; the Dead Sea, which is 
the lowest spot on earth, at 400 m below sea level; the Wadi 
Araba; and the Aqaba area around the Gulf of Aqaba and the 
Red Sea. A map of Jordan is shown in Figure I. 

Jordan enjoys a mild and comfortable eastern Mediterranean 
climate. Average temperature ranges from 8.5°C in January to 
25° C in August. The rainy season is from December to March 
in winter. The rainfall of each month is between 80 and 110 mm. 

TABLE 1 POPULATION AND VEHICLE OWNERSHIP CHANGES 

No. of Vehicles per 
Year Population Index Vehicles Index Person 

1970 1,508,200 100 24,279 100 0.016 
1971 1,562,000 104 26,380 109 0.017 
1972 1,617,500 107 26,698 110 0.017 
1973 1,675,lOO Ill 30,814 127 O.Ql8 
1974 1,735,000 115 37,131 153 0.021 
1975 1,810,500 120 47,243 195 0.026 
1976 1,889,300 125 60,455 249 0.032 
1977 1,971,600 131 79,493 327 0.040 
1978 2,057,500 136 97,402 401 0.047 
1979 2,147,600 142 I 17,250 483 0.055 
1980 2,233,000 148 135,271 557 0.060 
1981 2,322,300 154 156,924 646 0.068 
1982 2,415,200 160 177,849 733 0.074 
1983 2,495,300 165 197,783 815 0.079 
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FIGURE I Existing routes in Jordan. 
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Jordan is fortunate to have abundant supplies of cheap building 
materials in most parts of the country. The granular material 
that is commonly used in road construction in Jordan consists 
of natural sands, gravel, and crushed rock. There are about 275 
quarries in Jordan from which crushed aggregate is produced. 
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In addition, there are 16 sand pits and 72 other rock sources 
from which road materials can be obtained. The regional 
distribution of aggregate quarries reveals that Amman has 155; 
Balqa 14; lrbid 56; Zarqa 14; Karak 5; Mafraq 8; Madaba 4; and 
Aqaba, Tafila, and Ma'an have 14 (Figure I). The kinds of 
aggregates that are available in Jordan are briefly described as 
follows. 
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The valley aggregates were formed by rocks that were swept 
away from the mountains, followed by sedimentation in the 
valleys or low regions. This kind of aggregate has good 
gradation, high specific gravity, low water absorption, and 
good resistance to wear by attrition or abrasion. 

Granite aggregates of several colors are found in Algatam, 
Aqaba, and south of Ma'an. These aggregates have good 
resistance to wear. 

Volcanic stones are found in Mafraq and Wadi Dulail. These 
aggregates have low resistance to abrasion and attrition, and a 
low specific gravity. 

Hard basalt aggregates that are dark in color are found in 
Mafraq and in the Jordanian and Iraq border area. They have a 
high specific gravity and low water absorption. 

Limestone aggregates are found in many regions and they 
differ widely in their properties. 

Fine aggregates are found in mountains, the desert, and river 
beds. They are also obtained from crushing plants. 

Gravels in Jordan are available in large quantities in many 
places, such as stream bottoms or terraces adjacent to stream , 
outwash plains, and fans adjacent to mountains. Marine or 
lacustrine beach and delta deposits are also present in some 
places. In most instances, the gravel aggregates are strong and 
durable, and satisfy the general physical requirements of road 
aggregates. It would therefore be economical to use them when 
crushed stones are not available or have to be brought in from a 
considerable distance. 

The Jordan Petroleum Refinery company produces an 
asphalt cement of 60/70 and 80/ 100 penetration grade and 
liquid asphalt MC-70, RC 250, and RC 800, which arc used in 
both low- and high-volume roads . 

AN APPRAISAL OF DESIGN, MATERIALS, AND 
CONSTRUCTION IN JORDAN 

Asphaltic road surfaces in Jordan are generally classified in 
three groups: thin, medium, and thick. Thin flexible pavements 
have a bituminous surface that is 25 mm thick on a granular 
base course. Medium pavements are frequently comprised of a 
bituminous surface with a bituminous penetrated base that has 
a combined thickness of less than 180 mm. Most designs were 
made by different consultants of various countries worldwide, 
who had used their own standards without specifically con
sidering Jordan's particular soil and climatic conditions. These 
designs invariably neglected the peculiar winter conditions in 
Jordan, which not only show a drop in temperature but also 
cause a high soil saturation from winter rains and snow. 

In traditional WB M construction in Jordan, layers of single
sized stones 38-63 mm in size are laid down, followed by 
non plastic fines 6 mm and less in size that are rolled and watered 
into the surface to produce a dense material. This form of 
construction serves as a satisfactory riding surface when plastic 
soil is added to the surface. However, the plastic soil becomes a 
source of weakness if it is not properly removed before a 
bituminous surfacing is added. 

A wet-mix graded material that is 39 to 53 mm and less in size 
has been tried. It was produced by direct crusher run or by 
recombining the different sizes of material. Experience has 
shown that such materials tend to separate and their handling 
and compaction characteristics are very sensitive to changes in 
moisture content. 
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Economics demand that the production of unbound aggre
gates should essentially be on a continuous crushed run basis. It 
has been observed that different aggregates crush in different 
ways. For instance, softer limestones generate a high dust 
content and hard igneous rocks tend to produce flaky aggre
gates that are short of fines. A need exists to provide more 
latitude in specifications to allow the use of more local 
materials. 

Limestone is generally found to make a good road base. 
Some very hard and fine-grained igneous rocks are difficult to 
use because they cannot readily be compacted to form a dense, 
interlocking mass. Decomposed or badly weathered gravels and 
rocks produce clay, particularly when their parent rock is of a 
basic igneous type like basalt. Such decomposition cannot be 
generally diagnosed by the naked eye and may be discovered 
only by mineralogical examination. 

The commonly used bituminous macadam base and binder 
course consists of a single course of 50 to 75 mm of compacted 
crushed aggregates that are premixed with bituminus binder 
that is laid immediately after it is mixed on a prepared base. The 
current specifications for gradings and the physical and mechan
ical properties of aggregates in bituminous layers are derived 
from AASHTO and BS specifications. 

Asphaltic concrete, semi-dense carpet, premix carpet, and 
surface dressing are some of the wearing surfaces commonly 
used in Jordan. A survey of the bituminous surfaces that was 
performed by the Royal Scientific Society has revealed that the 
quantity of binder used in Jordan is normally more than that 
specified in the BS or AASHTO specifications (J). 

COMMON MODES OF FAILURE 

It is apparent that many of the road failures that have occurred 
in Jordan in recent years might have been avoided by using 
better traffic predictions and designs with thicker layers of 
bitumen-bound materials. The following are the most common 
modes of failure on Jordanian roads. 

Rutting 

Rutting problems occur in the form of permanent deformation 
in the wheelpath of the pavement wearing surface. Rutting 
problems reflect the consolidation or displacement of the 
underlying pavement material or the consolidation or displace
ment of the asphaltic surface itself. This problem becomes more 
critical during the unusually hot summer season. 

Slippage Cracks 

Slippage cracks are the crescent-shaped fractures of the pave
ment wearing surface that usually point in the same direction as 
the thrust of wheels and show the lack of a bond between the 
surface layer and underlying course. Investigation of these 
cracks has shown that a contributing factor to this problem is a 
high deflection in the saturated unbound base material. This 
could be rectified by replacing unbound material with bitumi
nous bound material. 
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Collapse Resulting From Saturated Unbound Granular 
Materials 

Investigation of the problem of road collapse has shown that 
subbases have been wet and were mixed with the wet clayey 
subgrade. A highly efficient drainage system or stronger 
waterproof material foundations are required to rectify this 
problem. 

Ravelling, Fretting, and Stripping 

These problems result in the dislodgement of the aggregates 
from the surfacings. Fretting is mainly caused by poor compac
tion , thin layers, low bitumen content , and laying in cold wet 
weather. Stripping is mainly caused by the aging of bitumen and 
the use of hydrophilic aggregates. The solutions to these 
problems are careful quality control and adequate design. 

Slipperiness 

This problem is primarily found in chip seal coats in the form of 
a loss of frictional resistance because of loss of aggregate from 
the seal surface and upward movement of bitumen under 
repeated traffic loading. 

Tender Mixes 

A tender or slow-setting asphalt mix in a pavement has a low 
resistance to deformation by punching loads. Such a pavement 
scuffs under horizontally applied shearing loads after compac
ti on has been completed. Tender mixes generally pose the 
following problems: 

• The mix is difficult to roll, 
• The specified density cannot be achieved, 
• The pavement ruts soon after construction is completed, 
• The pavement is soft after completion and will displace 

under the heel of a shoe, 
• The pavement shoves under traffic, 
• The pavement slips under traffic soon after construction, 

and 
• The pavement indents under a punching load . 

PAVEMENT PERFORMANCE EVALUATION STUDIES 
IN JORDAN 

In order to evaluate the construction practice and performance 
of pavements in Jordan, a study was performed for all the 
different low-volume roads in and arnund the lrbid region 
(Figure 1 ). A rrnmber of test lengths of I 00 m were randomly 
selected to measure layer thickness. Cores were taken on the 
surface of each construction layer at a spacing along a line 1.0 m 
from the nearside edge of the nearside lane. A convenient 
temporary benchmark was used at each site when cores were 
taken from subsequent layers and it also provided a means of 
relating measurements when the cores were taken at a new 
position. 

The proportion of thickness of individual layers, which were 
expected to range within the tolerances given in the following 
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table, varied from 61 to 92 percent. Ten percent of the 
thicknesses were below the lower limit requirement for surface 
courses. 

Surface 

Wearing course 
Base course 
Road base 
Sub base 

Level Tolerances (mm) 

± 6 
± 6 
± 15 
± 10 

Pavement evaluation helps to plan and assess the need for 
maintenance and strengthening. The frequently used Present 
Serviceability Rating (PSR) method of pavement evaluation is 
subjective and is based on the evaluation of the riding quality by 
a panel of persons that represents the road user. 

The term serviceability index used in the PSR method of 
pavement evaluation is taken as a measure of the pavement's 
ability to service mixed traffic as indicated on a scale of 0 to 5 
with 0 to I being very poor, I to 2 poor, 2 to 3 fair, 3 to 4 good, 
and 4 to 5 very good. 

The lrbid road network was arranged by routes that had 
similar conditions to perform the study. This was done after a 
careful review of existing road project reports and all pertinent 
publications . All available data were assembled and analyzed 
for each route and a survey program was designed to provide 
the supplementary data required. The program included not 
only a determination of the structural condition of pavement 
components but a field condition survey that included measure
ments of cracking, patching, and rut depth. 

After routes with similar conditions were identified, typical 
sample test routes with defined test sections were selected on 
which to perform a detailed PSR survey. A panel of 40 road 
raters were driven in a test vehicle at a defined speed and trained 
to rate a pilot test route on a 0 to 5 scale. These trained road 
raters were then asked to rate the actual test routes. 

Individual PSR ratings were compared to the mean panel 
rating. The typical relationship is shown in Figure 2. The PSR 
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FIGURE 2 Relationship between individual and average PSR using 
35 data points. 
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ratings were also compared to the Present Serviceability Index 
(PSI) that was determined by the procedure specified by 
AASHTO. This procedure involved the determination of the 
pavemenl condition survey data of cracking, patching, rut 
depth , and slope variance. The regression equation th.al related 
PS R ( Y) and PS I ( X) was of the form Y = 0.068 x2 + 
0.046 Y + 2.10 with a correlation coefficient of 0.81. The plot 
that indicates the variability is shown in Figure 3. 

It is shown that the PSI appears to be capable of establishing 
relationships between objective pavement measurements and 
the subjective ratings of the road user. This relation also helps to 
get some measure of the degree of rolling, cracking, and 
patching. The method permits measurements to be obtained at 
various times and the establishment of a parameterthat defines 
pavement condition, which shows that histories of pavement 
performance can be related to changes with time. 
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FIGURE 3 Relationship between PSR and PSI using 30 data points. 

SELECTED STUDIES OF SUBGRADE AND BASES 

The results of a study on expansive subgrade soils in Jordan 
show that it is possible to obtain a reliable estimate of the in situ 
permanent deformation by using the re ulis of the constant 
swell pressure tests and consolidation tests in conjunction with 
a proba blc moi tu re content profile during dry and wet easons. 
The prediction equation tbat relates initial water content in 
percent ( W) and the swell pressure in kg/ cm2 (SP) can be 
expressed as log (SP) = A + B log (W). The magnitude of 
the constants A and Bfor Amman soil are 7.845 and-5.623 and 
for lrbid soil, 5.076 and -3.488, respectively. 

The linear volumetric change due to the increase in moisture 
content can be determined by assuming that the rebound or 
swell takes place from an initial swelling pressure (SP;) 
corresponding to dry season water content ( W;) to the final 
swelling pressure (SP} corresponding to wet season water 
content ( W }· 
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D = H 
(Cs) 

log 

where 

H = the thickness of the subgrade soil concerned, 
Cs = the coefficient of swell, and 

= the initial void ratio. 

The coefficient of swell, C
5

, and the initial void ratio, e
0

, are 
obtained from consolidation tests. The average Cs and e

0 
values 

for Amman soil were found to be 0.34 and 0.69 and for Irbid 
soil, 0.070 and 0.84, respectively. After some of the roads in the 
Irbid area were investigated, it was found that final swelling 
pressures are invariably greater than overburden pressures 
(especially for low-volume pavements). The permanent de
formations that were computed using the previously mentioned 
equation were compared with the deformations that were 
actually observed in the field using a straight edge. A good 
degree of agreement was obtained, as shown in Figure 4. 

It has been observed in recent pavement deflection surveys 
conducted by the Ministry of Public Works in some parts of the 
country using the Benkelman Beam that sections with treated 
subbases (lime or cement) generally had lower deflections and 
larger radii of curvature than those with untreated subbases. 
The condition survey on some roads in the Irbid and Amman 
areas also revealed that sections with untreated subbases 
generally exhibited more map cracking in the surfacing than 
those with lime- or cement-stabilized subbases. 

ESSENTIAL PROPERTIES AND ACCEPTANCE 
TESTING FOR BITUMINOUS MIXES 

Because about 75 percent of low-volume roads and all higher
volume roads in Jordan have some bituminous treatment, an 
understanding of mix behavior is needed. Most failures on 
existing Jordanian bituminous-surface roads have been related 
to underestimating traffic, saturation of granular materials, and 
problem in construction and compaction. In order to ensure 
that available materials are used in the most economic manner, 
the essential properties must be considered so that a long life 
span can be obtained economically. A flexible, durable, and 
highly stabilized mix that is impermeable, of a relatively high 
modulus, and made with relatively cheap, locally available 
aggregate is needed for the surface layer. A good riding quality, 
safety, and non polishing and abrasion-resistant characteristics 
are also required for the wearing surface. The mix requirements 
and the effects of mix composition on the requirements are 
summarized in Table 2 to illustrate the requirements just 
mentioned. It is shown in Table 2 that there is considerable 
conflict between the various requirements and that some 
compromise must be reached for any given situation. 

The failure criteria of bituminous bound layers, which are of 
concern in Jordan in evolving design and maintenance strat
egies, involve the estimation of excessive permanent deforma
tion and cracking. The mechanical characteristics required for 
the prediction of behavior in terms of primary response (stress 
and strain), limiting response (permanent deformation or rut 
depth), and functional response (surface profile) are the dynamic 
stiffness or resilient modulus, fatigue strength, and resistance to 
permanent deformation. 
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FIGURE 4 Relationship between rut depth and heave on expansive soil in and around lrbid area. 

TABLE 2 DESIRABLE MIX REQUIREMENTS AND COMPOSITIONS 

Obtained By 
Desirable Aggregate Bitumen Characteristics 
Characteristics Properties Grade Content 

Stability Dense grading 
Rough texture Hard Low 

Flexibility 
(resistance to 

fracture) Dense grading Soft or hard Low 
Durability Dense grading High 
Workability Rounded Soft High 
Safety 

Skid resistance Rough texture Low 
Fretting and 

Soft High ravelling 
Impermeability Dense grading High 
Stiffness Dense grading 

The resilient modulus is the ratio of applied stress to the 
resulting recoverable strain. The small permanent strain in 
bituminous materials for moving loads can be ignored. The 
resilient modulus can therefore be considered analogous to a 
time (rate of loading) and the temperature-dependent Young's 
modulus. 

The resistance of a bituminous mix to cracking depends on its 
fatigue strength and is expressed as a relationship between 
maximum tensile strain and the number of load applications. 

Hard Low 

NEEDED RESEARCH AND PRIORITIES 

The empirical design approach for low- or high-volume roads is 
unsatisfactory because new situations arise, such as heavier axle 
loadings, shortage of high-quality aggregates, atypical environ
mental conditions, and changes in compaction techniques, that 
are at variance with the experience upon which the specifica
tions were based. The development of a rational and scientific 
approach to deal with varying situations requires a sound 
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understanding of the fundamental behavior of the pavement 
structure and its constituent materials. This has led to the need 
for analytically based structural design procedures that use 
suitable and representative material properties (2, 3). The 
application of these methods to Jordan's environment is under 
consideration. 

Gradings that approximate the Fuller maximum density 
curve generally appear to wor.k well. However, it has been 
found t hal these gradings do not always give the true maximum 
density because of variations caused by the roughness and 
shape of the aggregate particles (4) . These findings will be 
investigated. 

It appears that in situ performance of any material cannot be 
determined simply on the basis of laboratory tests. The actual 
behavior of the road material depends on the details of the 
pavement's structure as a whole together with the loading and 
environmental conditions. The effect of changing a particular 
mix parameter on the life of a pavement can only be asse sed 
when the pavement is analyzed under all relevant conditions. 
Several differences exist between the stress-controlled, labora
tory-repeated load test and the in situ road situation. In the 
latter, traffic loads vary in such a way that strain pulses are of 
variable magnitude, and rest periods occur between strain 
put e . This area will be tudied further. 

Another problem that arises Ln the application of laboratory 
findings to practice is the influence of the lateral distribution of 
wheel loads. If all wheels do not pass exactly over the most 
heavily trafficked part of the pavement, a corresponding 
extension of fatigue life may occur (2). 

Much needs to be done to understand asphalt technology for 
pavement surfaces and bases. This can only be achieved by 
considering conservation, economy, perfonnance, ease of 
construction, and ease and cost of maintenance in the decision-
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making process. This will require future forward planning to 
avoid premature failure, optimize materials and methods, 
rationalize specifications, develop new and improved tech
niques, and plan useful investment. 

CONCLUSION 

A brief appraisal of Jordanian road traffic, highway network, 
road-making materials, and performance under local conditions 
was presented in this paper. The results of some failure 
investigations have shown that poor-quality construction is 
often the cause of these failures. 

Most surfaces of low- and higher-volume roads contain 
bitumen. Data have been collected that classified the types of 
failures and present serviceability ratings have been established 
for a limited number of highways. Work is continuing with an 
emphasis on the collection of background technical data on 
low- and higher-volume roads. 
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Asphalt Hardening in Sprayed Seals 
JOHN W. H. OLIVER 

A low-cost pavement that consists of a sprayed surface seal over 
a thin granular base is widely used in Australia on low-volume 
roads. The average life before a reseal is required is of the order 
of 10 to 15 years. The main reasons for such long service lives 
are considered to be (a) the design procedures used in Australia, 
(b) the selection of materials, particularly the durability of the 
asphaltic cement (asphalt), and (c) the high degree of control of 
the construction operation. Information on each of these 
factors is given. The Australian Road Re earch Board (ARRB) 
AsphRlt Durability Test is described. Full-scale road trials that 
were placed in a range of climatic conditions and observed for 
up to IO years have shown the test to be a good indicator of the 
resistance of an asphalt to hardening in sprayed seals. Road 
trials in which additives were evaluated to improve asphalt 
durability, such as hydrated lime and lead diamyldithio
carbamate (LOAD ), arc also being monitored. A simple 
predictive model of a pball hardening has been developed. 
Only the following inputs are needed to calculate asphalt 
viscosily at a particular site: (a) the average temperature at the 
site, which can be obtained from the closest weather station, (b) 
the ARRB Asphall Ourabilily Test resull for the fresh asphalt, 
and (c) the age of the seal. The model can be used to test the 
effects of asphalt durability on field hardening at particular sites 
and to identify climatic areas in which asphalt hardening will be 
particularly rapid. If it is further developed, the model could be 
usefully incorporated into pavement management systems. 

The need to establish and maintain an all-weather road network 
in Australia, which has an area that is 80 percent that of the 
United States, but a population only 7 percent that of the 
United States, has led to the development of a particularly 
efficient type of pavement. This pavement typically consists of a 
base of unbound crushed rock or natural gravel about 200 mm 
thick that is placed on a compacted natural subgrade and 
covered with a sprayed seal surface treatment. 

·1 hese light granular pavements give excellent service in 
conditions that range from a hot desert in centrai Australia and 
a tropical rain forest in northern Australia, to the cool climate 
of the south. The condition that is generally absent is the 
freeze-thaw cycle, which can be so destructive to pavements in 
No.rth America. 

Australia's total road network comprises about 800,000 km, 
of which 200,000 km are classified as sealed (J). This term 
generally indicates a sprayed seal surfacing, although thin, 
asphaltic concrete surfacings are common in urban areas. 
Concrete is used very little. By far the greatest proportion of 
Australia's road network services rural areas. Traffic volumes 
are very light; many roads carry less than 100 vehicles per day 
(vpd). Occasional heavy vehicles are common, however. 

A number of different terms are used to describe sprayed seal 
surfacings. These include surface treatment, flush seal, spray 
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and chip seal, and surface dressing. In this paper, the term 
sprayed seal is a surfacing that consists of a thin film of asphaltic 
cement (asphalt) that is sprayed hot from an a ·phalt distributor 
and covered with a single layer of approximately one-sized 
stone chippings. 

Because of the importance of this type of surfacing, Australian 
State Road Authorities have refined design procedures and 
construction methods in such a way that average lives of I 0 
years are normally reported for seals with chippings (aggregate) 
10 mm in size . In some areas, the avernge life of lhe seal can rise 
to 15 years. 

For lives of this order to be obtained, a durable asphalt must 
be specified and care must be taken during the construction 
operation. Information on asphalt durability and the essential 
features of the spray ea ling operation are given in this paper. It 
is likely that a more widespread adoption of the techniques and 
practices described could lead to a ubsta.ntial improvement in 
the service life and performance of low-volume roads in many 
countries. 

SPRAYED SEAL DESIGN AND CONSTRUCTION 

General 

A sprayed seal provides a dust-free running surface for vehicles 
and is characterized by a high skid resistance and good light 
reflectance properties under wet conditions. Although it may 
1101 appear so, the design and construction of a sprayed seal 
surfacing require more experience and skill to achieve a 
satisfactory result than is the case for a hot-mix (asphaltic 
concrete) surfacing. 

In cases in which a seal is placed over an unbound base, its 
water-sealing properties are mo I important, particularly ifthe 
materials in the base or ubgrade are water-sensitive. If 
appreciable cracking or stone loss occurs in a seal, which is 
normally associated with hardening of the binder with time, 
water can enter the pavement structural layers and rapid 
deterioration and failure can occur._ The normal practice is to 
apply a reseal before this stage is reacht:d. 

Design Procedure 

The design procedure used in Australia is based on a method 
first developed in New Zealand by Hanson (2). It depends on 
the assumption that, after traffic rolls and orients the particles, 
the aggregate particles in a eal will lie closely packed as a single 
layer' ith their least dimension vertical. The average thickness 
of this layer is the average least dimension (ALO) of the stones. 
The intention is to fill a predetermined proportion of the voids 
in this layer with binder. 

Details of the design method are given in a publication of the 
National Association of Australian State Road Authorities 
(NAAS RA) (J). The essential steps of the method are as 
follows: 
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I. The ALO of the sealing aggregate is determined by using 
a simple ieving procedure (J). 

2. The percentage of the theoretical surface void to be 
filled by asphalt depends on the degree of traffic com paction the 
surfacing will receive. This percentage is obtained from a table 
t11at gives values for traffic level that range from less than 50 to 
over 2,000 vpd (total of both directions) (3). 

3. The asphalt application rate, expressed as L/ m2, is 
calculated from a simple expression that involves the two 
factors in Steps I and 2. 

4. Adjustments to the application rate are made to allow for 
the absorbtivity of the surface to be treated. 

5. For traffic flows of less than 500 vpd, a fluxing oil, 
normally diesel fuel, can be added to the asphalt to lower its 
viscosity and compensate for the reduced traffic embedment of 
the aggregate. 

6. The aggregate application rate is calculated from the 
ALO; an allowance is made for imperfect spreading and initial 
losses due to traffic action. 

The calculated application rates can be modified further, 
depending on local experience with the materials used . Minor 
adjustments can be made for large jobs based on the appearance 
of the early work. 

Construction Practice 

Asphalt 

The grade of asphalt normally used for sealing in Au ·tralia is 
Class I 70. The class number is the asphalt viscosity measured in 
Pa.s at 60° C (170 Pa.s = I 700 poises). The properties of the 
aspha lt are listed in Australian Standard 2008 and are similar to 
the U.S. requirements except for a provision to permit the 
pecification of a pha lt durnbility (4) . This subject is described 

in detail later. 

Aggregate 

Crushed rock is normally used to seal aggregate but in the more 
remote areas natural gravel may be the only source available. In 
this case, it is normal to specify that at least 75 percent by mass 
should have two or more faces that were produced by crushing. 

It is important that the particles be as close to a cubical shape 
and as single-sized as possible. Simple tests are used to measure 
and control particle shape and grading. The aggregate must be 
able to resist decomposition on exposure and must have 
sufficient strength and resistance to wear for the expected traffic 
conditions. Information on the range of aggregate tests used is 
given by Dickinson (5). 

Sealing aggregate is nonm1lly precoated with a proprietary 
agent (tar, asphalt , or oil-ba ed) or, more comm.only, with 
diesel fuel. The main purpose of this is to wet any dust on the 
surface of the aggregate and to allow penetration of the asphalt 
binder to the surface of the aggregate after spraying. The rate of 
application of precoat depends on the size, cleanliness, type, 
and dampness of the aggregate being used. he rate for die el 
fue l is normally in the range of 6 to 12 L/ m3. Adhesion agents 
may be added, depending on the po sibility of rain during or 
hortly after construction. The e agent are preferably added Lo 

the precoat but may be added to the a phalt shortly hefore 
spraying. 
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Equipment 

A number of different designs of asphalt distributor are 
currently in u e. They all, however, employ slotted jets in a 
triple-overlap pattern. All sprayers u ed by State Road 
Authorities are calibrated annually Lo ensure uniformity of 
distribution and accuracy of application rate (3). 

Aggregate is normally applied from 1.he tip truck that i used 
to transport it to the site. A box spreader is attached to the rear 
of the truck and i used to control the application rate. elf
propelled, multi-wheeled, pneumatic-tired rollers are used to 
start the aggregate orientation process, which is completed by 
traffic. 

The Laying Operation 

The asphalt distributor begins its run when sufficient aggregate 
trucks are on site to cover the entire sprayed length. The 
distributor starts and finishes spraying on a paper strip that is 
removed to give a clean transverse joint. The driver uses a 
special low-speed tachometer to enable him to maintain 
constant speed. All details of the run, including spray tank 
dippings, area covered, additives used, and asphalt temperature, 
are recorded. 

The rate of wetting of the aggregate particles by the asphalt 
film determines the rate at which a bond is formed. To ensure 
that the wetting rate is sufficiently high, the viscosity of the 
binder film is controlled by the addition of a volatile diluent 
(cutter), which is normally kerosene. The proportion of cutter 
added is determined by the road surface or air temperature and 
is adjusted throughout the day. 

The aggregate truck is reversed over the sprayed binder film 
while an operator, walking alongside, adjusts the aggregate 
spread rate. The formation of a dense, interlocking mo aic of 
aggregate particles is essential for a sprayed se.al to resist and 
endure the forces imposed by high-speed traffic. T he orientation 
of particles to form such a mosaic is tarted by rolling during 
construction but is completed by low-speed vehicle tires. 

A recently reported study on the particle orientation process 
has shown that most orientation occurs during the first three 
passes of a pneumatic tired roller and that very little improve
ment can be measured after the sixth pass (6). The surface 
improves immediately when the road is opened to normal 
traffic. Traffic speed should be restricted for a short period 
immediately after construction by, for example, leading a 
convoy through behind a roller. 

Discussion 

The previous section outlined ome of the precaution necessary 
to obtain a high-quality sprayed seal. Further information is 
given in an AAS RA publication (3) and the process is further 
discussed in a book by Dickinson (5). Detailed information is 
given in a two-volume manual produced by the Road 
Construction Authority (formerly Country Roads Board) of 
Victoria that covers all aspects of asphalt surfacing work (7). 

The quality of a sprayed seal depends on the skill and 
experience of the supervisor and member of the praying crew. 
A spraying crew will normally be self-contained a nd can 
opera te from a small ba e camp in a remote region, if necessary. 
The eq uipment used is generally simple and can be maintained 
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and repaired on site. Local equipment, such as aggregate trucks, 
and material, such as kerosene cutter, is used whenever 
possible. 

ASPHALT HARDENING 

Mechanism 

Provided that a sufficiently durable aggregate has been u cd 
and that t he pavement remains truclurally sound, the life of a 
properly constructed seal critically depends on the life of the 
asphalt binder. 

The common dist re s mode is for the asphalt to harden with 
time until it can no longer withstand the movement cau ed by 
diurnal temperature variations when it crack . or \ hen its 
aclhe. ive b nd to the aggregate particles fails . lngrcs of 
moisture through cracks, or gaps in which tones have been lo. t, 
can quickly lead to pavement failure unless a new waterproofing 
layer i immediately applied . In practice, a new. cal, or re cal , is 
normally placed before the asphalt hardens to thi · level. 

Australian asphalts are derived almost exclusively from 
Middle East crudes and their method of manufacture ensures 
that very little volatile material is left in the final product.Under 
normal conditions all the hardening that occurs on the road is 
caused by the oxidation of the asphalt. 

Although the sunlighl-ca tal zed reaction of a, phall with 
oxygen from the air(photo-oxidati n) ccu rs rapidly, aspha lt is 
a good li ght ab orber and this reaction is connncd to 1he top 5 
µm or expo cd material (8). The effect of photo-oxid. tion on 
paving a phults i. I he ref ore c nsidcred to be slight and the bulk 
of the hardening in the road si tuation occurs through a slower 
thermal reactio n meclrnni. m. Th rate of this reaction roughly 
doubles fo r every 10° rise in temperature (9). 

The rate of hardening of the a phah binder in a prayed ·cal 
depend on (a) the temperature of the surfacing, (b) the 
thickness of the asphall film. and (c) the intrinsic resistance of 
the asphalt to oxidative hardening. This latter property is 
measured by the Aspha lt Durability Test. 

ARRB Asphalt Durability Test 

The slow field hardening of asphalt can be accelerated in a 
laboratory test by (a) increa ing the temperature, (b) reducing 

. the film Lhickness of the exposed asphalt , ;md (c) increasing the 
oxygen pressure. 

A combination of methods (a) and (b) is used in the ARRB 
test. The test temperature is set at I 00° C, because this 
temperature i considered to be sufficiently high to produce a 
tc ' t rcsult in a reasonab le period of time but not o high that the 
character of the laboratory and 1eld oxidation reactions will be 
markedly different. Maximum temperatures of about 70° Care 
encountered in pavement surfacings (9). 

The test procedure is based on one first developed by the 
California State Highways Department (JO). The important 
feature of the ARR B test is the use of a specially designed oven 
that permits precise temperature control to be maintained over 
a long period of time. 

The test is fully described in Australian Standard 2341.13 and 
the main steps follow (1 I). 

Transportation Research Record 1106 

I. The a phalt is first subjected 1 the R lling Thin Film 
Oven (RTFO) Te t, in which it is heated as a ro lli ng film in 
bott les on a rotat ing rack for 85 min in an oven set at 163°C. 
Thi. procedure imulatcs the light hardening that occur~ when 
asphalt is hot-mixed to produce asphaltic concrete. 

2. A portion of the RT 0-trcated asphalt is deposited from 
toluene o'lution as a thin film (appr ximately 20-µm thick) on 
the ium:r walls of glas bottles. 

3. The bottles are then placed in the durability oven, which 
may be the same oven that is used to perform the RT 0 
expo ure, and are exposed to air, in the absence of light, at 
I00°C. The rack that holds the bottles rotates in the vertical 
plane to ensure that each bottle experiences the same tempera
ture environment. 

4. At selected treatment times, the bottles are removed and 
the asphalt is scraped from the walls. The apparent viscosity of 
the recovered a phalt i. then measured on the Shell sliding plate 
microviscometer at 45° C and a shear rate of 5 X 10-3s-1. The 
viscosity determination procedure Is described in Australian 
Standard 2341.5 (12). 

5. Apparent viscosity is plotted against time of treatment. 
T he time to reach an apparent viscosity of 5.7 log Pa.s (the 
critica l viscosity) is determined by interpolation. This time, in 
day , i the durability. 

Relationship Between Durability Test Result and Field 
Hardening 

Since 1969 a series of sprayed seal road trials was laid with 
asphalts of widely differing durabilities at sites in Australia that 
covered a wide range of climatic conditions . Information on the 
placing of the trials ha been reported, their performance has 
bec11 monitored, and samples have been taken periodically for 
testing in the laboratory (JJ). 

Asphalt from field samples is recovered for tc ·ting by a 
· !vent ex.tractio n technique and the apparent visco ity of the 
ex t racted asphalt is measured at 45° by u c ofn hell sliding 
plate microvi cometcr. An analysis of the result obtained up to 
19 I has be n reported (15) . It was concluded that the 
durability test correlate<! with the hardening observed for 
different asphalts in sprayed seal road trials and is a useful tool 
for predicting the rate of hardening in this application. 

Asphalt Hardening Prediction Model 

A the ite aged and more information became avai lable, it 
became po . iblc to com bine data from all the si te to present an 
overall picture of how a phalt hardened in sprayed seals. 
Multiple linear regre sion of the data resulted in the development 
of a simple mathematical model (16). 

Information from the road trials ha. now been upplementcd 
with data from selected nonexperimental sites in which a phalt 
properties, including durability, were measured al the time of 
construction . The current data base is composed of I 0 full-scale 
road trials and 13 nonexperimental sites. A total of 125 data 
points that cover 45 different asphalts have been used to 
construct the model. 

log YJ = .0476 T y0.5 - .0227 D y0.5 + 3.59 (I) 
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where 

.,, 

T 

D 
y 

= 

= 

= 
= 

the viscosity of asphalt recovered from the seal 
(Pa.s), 
the average temperature of the site calculated 
from Equation 2, 
the ARRB test result (days), and 
the number of years since the seal was constructed. 

T= (TMAX+ TM!N)/2 (2) 

where 

TMAX = the yearly mean of the daily maximum air 
temperature, and 

TM!N = the yearly mean of the daily minimum air 
temperature. 

The variables TMAX and TM!N are obtained from published 
tables of climatic data (/7). 

If log TJ is to be calculated in poises, the equation remains 
unchanged except for the constant term, which becomes 4.59. 

A number of other predictor variables and combinations of 
variables were tested in the regression and only the addition of a 
term containing the original viscosity of the asphalt before 
spraying wa. found to produce a sta tist ically ·ignificant 
improvement. However, the term ha been excluded from the 
model presented here to maintain simplicity and bccau ·c its 
contribution is very small. 

The Pearson multiple correlation coefficient for Equation I 
was 0.93 and the standard error of estimate of log TJ was 0. 19 log 
Pa.s. The following were obtained for the coefficients in the 
equation: 

For the T y0.5 term 
For the D y0.5 term 
For the constant term 

Standard Error 
of Eslimate 

1.76 x 10-3 

1.68 x 10-3 

7.24 x 10-2 

Figure 1 i a plot of the values ofvisct>sity that were predicted 
from Equation I against the viscosity actually measured for all 
points in the data set. 

The model is applicable to properly constructed seals in 
which the asphalt hardens through thermal oxidation. Ad
ditional hardening that is caused by other reasons, such as a loss 
of volatile oils in the asphalt that were not removed during 
refining, is not predicted. The model only applies with the stated 
precision to points that lie within I.he range of the data ba e that 
was used to construct it. The range of the variables is given in 
Tal;lle I. 

The temperature variables were obtained from slati tics 
published by the Meteorological Bureau for the measuring 
station that was closest to the site (/7). The values of the 
variables are long-term averages over periods of at least 15 
years. Although the range of the tempera ture parameter (7) 
appears sma ll , it covers a wide range of climatic conditions. 
Sites are loca ted between latitudes 17° and 37°S, and both 
in-land and coastal regions are covered. 

With only one exception, the asphalts in the data base arc of 
Middle East origin. They do, however, cover a range of 

Measured Viscosity !log P1.1) 

FIGURE I Plot of predicted versus measured viscosity. 
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TABLE I RANGE OF THE VARIABLES IN THE DAT A BASE 

Variable Minimum Maximum Range 

log n (Pa.s) J.86 6.48 2.62 

Y (years) I 10.4 9.4 

D (days) 3.4 21.0 17.6 

TMAX (°C) 16.2 JO.I 13.9 

TMIN (°C) 8.2 21.2 13.0 

T (°C) (equn. 2) 13.7 23.6 9.9 

Viscosity of original 30 413 383 

asphalt before spraying 

(Pa.s at 60°C) 

manufacturing procedures, including straight-reduced, air
blown, and propane-precipitated asphalts. The range of the 
durabilities of the asphalts is great. State Road Authority 
specifications commonly limit asphalts to a durability of9 days 
or more. 

Uses of the Model 

The model can be utilized to test the effect of using asphalts with 
different durability values at particular sites. Figures 2 and 3 
are examples of asphalt-hardening graphs that were calculated 
for a medium- and a high-temperature site. 
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FIGURE 2 Asphalt hardening graph at T = 15°C. 

4 '-----'------~---~---..__---~~ 
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Yuri since con,tructlon 

FIGURE 3 Asphalt hardening graph at T = 20°C. 

Data are currently insufficient to reliably determine the 
viscosity level at which distress occurs in a sprayed seal. 
Although the level may be affected by traffic volume and 
rainfall at the site, Dickinson has suggested that the mean value 
of the minimum daily air temperature for the coldest month of 
the year (Ml MMAT) may be a go d predictor (9). The 
distress viscosity level shown on the graph is the level that is 
based on the results of a survey of seals in a temperate climate 
area (MIN MMAT 7°C) (18). 

As more information on the viscosity level associated with 
seal distress in different climatic areas becomes available, it 
should be possible to predict maximum achievable seal life for a 
particular climatic area and asphalt supply. Such relationships 
could be usefully incorporated into pavement management 
systems. Climatic areas in which asphalt will harden particularly 
rapidly can be easily identified by use of the present model. 
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Measures To Reduce the Rate of Asphalt Hardening 

As can be inferred from Figures 2 and 3, seal life on low-volume 
roads in which structural inadequacy is not a critical factor can 
be substantially increased by the specification of a durable 
asphalt. The source of crude and the method of manufacture are 
the major factors that influence asphalt durability (5). 

In cases in which durability cannot be increased by ch11nging 
the source of crude or the refining procedures, it might be 
possible to incorporate an additive into the asphalt cement to 
improve durability. Two such additives, hydrated lime and lead 
dimethyldithiocarbamate (LDADC), are being evaluated by 
ARRB. 

Hydrated lime that is mixed with asphalt at concentrations of 
up to 15 percent by mass has significantly improved asphalt 
durability in laboratory testing. The modified binder is now 
being evaluated in road trials at a number of sites. 

The antioxidant I .DA Chas produced increases in durability 
of up to 100 percent in laboratory testing. The material is a 
liquid that is soluble in asphalt and is thus easy to incorporate. 
Two full-scale, sprayed-seal road trials have been laid that 
incorporate the additive in concentrations between I and 5 
percent. Hardening of the modified binder sections will be 
compared with the control sectio ns (same asphalts with no 
antioxidant) over a number of years. 

HARDENING IN ASPHALTIC CONCRETE 

This study is concerned with the performance of sprayed seals, 
but some types oflow-volume roads are surfaced with asphaltic 
concrete (a.c.). Asphalt hardening in thin a.c. surfacings is 
briefly discussed in the following paragraphs. 

The rate at which the binder hardens in an a .c. surfacing that 
is laid at a particular site depends on a number of factors, 
including the following: 

• The air void content of the surfacing, 
• The degree of interconnection of the air voids, 
• The durability of the asphalt binder, and 
• The thickness of the binder film that coats the aggregate 

particles. 

The air void content of a mix immediately after construciion 
could be well above its Marshall design value, depending on the 
th ickness laid. the tempera ture ofth.c ba e on which it was laid 
and the a mount or compaclion a pplied. The surfacing may 
dt:nsify after construction because of the action of traffic. or 
example, the air void content on a highway that carries 15,000 
vpd was observed to fall from 9.4 to 5.3 percent in the wheel 
path area and to 8.2 percent between the wheel paths over a 
period of 5 yrs (/5). 

This indicak tha t the situation is proba bl too complex to 
allow a general hardening model for a pha llic concrete mixes to 
be developed . It also means that it is ex.trcmely difficult to 
perfonn experiments to study, for example, the effect of an 
additive on asphalt hardening. This is because the other 
vari ables that affect the rate of ha rdcning cannot be adequately 
controlled. A ·prayed seal is preferred for such trials. 

Although it is difficult to determine the precise effect of 
asphalt durability on the rate of asphalt hardening in an a.c. 
surfacing, it will neverthele s be a controlling factor unless air 
voids in the region of about 5 percent or le s a rc achieved 
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uniformly across the surfacing at the time of construction (19). 
It is therefore just as important to select a durable asphalt for 
a.c. work as it is for sprayed seals. 

CONCLUSIONS 

• Sprayed seals laid on low-vqlume roads can have service 
lives of between 10 and 15 years provided they are properly 
designed and constructed, and a durable asphalt is used. 

• Observation of foll-sca le road trials laid at sites with a 
range of climatic conditions, and monitored forperiods of up to 
I 0 yrs, ha shown thatthe ARR B Asphalt Durability Test result 
is a good indicator of the long-term field hardening of 
Australian asphalts. 

• An asphalt hardening model has been developed for 
sprayed seals. The model can be used to predict asphalt 
viscosity given the age of the seal., the durability of the original 
asphalt, and the site temperature, which can be obtained from 
publi ·hcd meteorological data. This model has been developed 
from testing of sprayed seals that were manufactured from 
Australian asphalts that were derived from Middle East crudes 
with an initial viscosity in the range from 30 to 400 Pa.s (300 to 
4,000 poises) at 60° C. 

• When the viscosity level at which seal distress occurs is 
known, the model can be used to predict seal life for adequately 
constructed low-volume roads. This relationship could be 
incorporated into pavement management systems. 

• In cases in which durable asphalts are not available, 
laboratory testing has indicated that hydrated lime and the 
antioxida nt lead dimethyldithiocarbamate could be used to 
reduce the rate of asphalt hardening. Road trials have been laid 
to confirm these findings for long-term pavement service. 
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A Rational Design Approach for Single and 
Double Surf acing Seals Based on the 
Modified Tray Test 
C. J. SEMMELINK 

Important factors influence the performance of surfacing seals, 
or surface treatments, such as the loss of voids that results from 
the wear of the aggregate and the effect of traffic on the 
embedment of the aggregate in the underlying layer on which it 
is constructed. Research results are given that indicate the likely 
reasons why single seals arc generally more susceptible to 
fatting-up than double seals. It is shown how the modified tray 
test can be used to avoid this problem. A rational approach to 
the design of single and double seals that incorporates the actual 
measured void content instead of an accepted average quantity 
is outlined. The accurate determination of the stone spread rate 
with the modified tray test is also discussed. 

THE DETERMINATION OF BINDER QUANTITY 

Two factors are important in the proper construction and 
performance of single and double seals: the correct binder 
application rate and the correct aggregate spread rate. 

A certain amount of empty space is present in a single- or a 
double-seal layer. A portion of this void is lost during the life of 
the seal because of the effect of traffic on (a) the embedment of 
the aggregate at the bottom of the seal layer, and (b) the wear of 
the aggregate at the top of the seal layer. 

A certain portion of the void must be left unfilled with binder 
to ensure good skid resistance. It is currently recommended in 
the Republic of South Africa (RSA) that a texture depth of0,64 
mm, as measured by the sand patch test, is required to ensure 
satisfactory skid resistance in wet weather and to prevent 
hydroplaning. 

The void that may therefore be filled with binder is the 
balance of this void that remains after the estimated amount of 
loss that results from embedment and wear and the amount 
required for good skid resistance have been subtracted. 

It is clear that a go~d indication of the actual void content in a 
seal layer is essential to execute an effective design. This is an 
area in which problems have been experienced in the past, 
because there was no way in which the void content could be 
determined rapidly and effectively. Most design methods 
therefore assumed a fixed equation for the void content in 
relation to the average least dimen ion (ALO) of the aggregate, 
or a fixed value for the void content regardless of the value of 
the ALD. However, research conducted at the National Institute 
for Transport and Road Research (NITRR) has found that 
there is a wide scatter in the case of the actual void content (1, 2). 

National Institute for Transport and Road Research, P.O. Box 395, 
Pretoria, 0001, Republic of South Africa. 

This was confirmed by reports that indicated that some seals, 
particularly single seals, that were designed according to these 
methods tended to have too much binder. 

THE BINDER QUANTITY IN A SINGLE SEAL 

A simple test , called the modified tray test, was devised to 
measure the actual void content of the stone to be used. The 
modified tray test was developed to d1;termine the true layer 
void content. V1, and the effective layer thickness ( L 1). The 
test equipment consi ts of a circular tray with an area ofO OS m2 

and a wall height of 50 mm. /\ houlder piece fits snugly on top 
of the tray, has the ame intern<tl diameter as the tray, and is 
fitted to a loose-fitting cloth membrane. The purpose of the 
membrane is to prevent the density sand from flowing into the 
voids between the aggregate (see Figure 1). 

LOOSE CLOTH 
MEMBRANE 

FIGURE 1 Schematic illustration of 
the modified tray test. 

Phase One of the Modified Tray Test 

The void space that is occupied by the aggregate sample plus 
voids in the layer is determined as follows: 

where 

= V,1 - V,2 
= (M1 - M-i)/BDS (I) 

= volume of the aggregate plus the voids between 
the aggregates (ml), 
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vsl = volume of the density sand required to fill the tray 
without aggregate (ml), 

vs2 = volume of the density sand required to fill the tray 
with aggregate (ml), 

M, = mass of the density sand required to fill the tray 
without aggregate sample (g), 

Mi = mass of the density sand required to fill the tray 
with aggregate sample (g), and 

BDS = bulk density of the density sand (g/ ml). 

The EL T in millimeters is determined as follows: 

ELT = (2) 

where 

A = area of the tray (cm2). 

The layer void content, VI> is determined as follows: 

= 

(3) 

where 

V
0 

= volume of the aggregate sample required to cover 
the tray area (ml), 

Ma = mass of the aggregate sample required to cover 
the tray area (g), and 

RD a = relative density of the aggregate sample. 

It should be pointed out that the EL T differs from the ALD in 
that it gives a more average value for the layer thickness of the 
aggregate . In the case of the ALD only the highest points of the 
least dimension of the aggregate particles are measured. There 
is, however, a good correlation between the EL T and the ALD 
(see Figure 2) . 

However, the relation between the layer void content, VI> and 
the ELT in a single layer is poor (see Figure 3). This explains 
why the use of only the ELT, or ALD, to determine the quantity 
of cold binder required for the seal will lead to some seals being 
too rich in binder. It also explains why it is preferable to 
measure the true void content with the modified tray test. 
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The amount of the embedment and wear of the aggregate is 
determined by means of functions derived from earlier research 
by Marais that use the ball penetration test for surfacing seals, 
the 10 percent Fines Aggregate Crushing Test (FACT) value of 
the aggregate, and the average daily traffic per lane expressed in 
equivalent light vehicles (3). Any vehicle heavier than a light 
delivery van is taken to be equal to 20 equivalent light vehicles. 

The ball penetration test for surfacing seals is used to measure 
the penetration resistance of a road surface using a steel ball 
with a diameter of 19,0 mm. The penetration resistance is 
determined by measuring the depth of penetration of the steel 
ball after the ball has been given one blow with a Marshall 
hammer at randomly selected positions on the whole road 
surface. The road surface temperature at the time of the test is 
also recorded. The expected penetration is then determined by 
the following equation: 

Pen T0 

where 

Pen T0 

K 

where 

K 

K 
K 
K 

(4) 

= penetration depth at the expected prevalent 
road surface temperature (mm), 

= penetration depth at measured road surface 
temperature (mm), 

= temperature of road at time of test {° C), 
= expected prevalent temperature of road for a 

particular location (0 C), and 
= temperature susceptibility of penetration 

(mm/ 0 C). 

= 0,04 mm/ ° C for single and double seals '(not 
fatty), 

= 0,05 mm/° C for slurry seals (not fatty), 
= 0,07 mm/°C for Cape seals (not fatty), and 
= 0,08 mm/°C for fatty roads and premix 

surfacings. 
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It should be noted that the relationship is valid for all road 
surfaces and temperatures between 25 and 55° C. A Cape seal is 
a single seal that is followed by a slurry seal. 

The fractional void loss that results from the embedment and 
wear of the aggregate is determined separately because the wear 
occurs at the top of the layer and the embedment at the bottom 
of the layer. It has also been found in research by Marais that 
the voids are distributed in more or less the same way as when 
spheres of the same size are tightly packed in one layer (3). The 
total fractional void loss is expressed by the following equation: 

where 

2,528(D 1 + Di -4,587(ni + n~ 
+ 3,058 X (D 1 + D~ (5) 

Z 1 = fractional void loss due to embedment and wear 
as a decimal, 

D 1 = embedment expressed as a decimal fraction of the 
ELT, and 

D 2 = wear expressed as a decimal fraction of the EL T. 

The equation is the theoretical relation for the fractional void 
distribution in a single layer of spheres with a hexagonal 
packing array, which is the tightest packing pattern for a layer 
of single-sized spheres. 

The fractional void loss that results from the demand for 
good skid resistance properties is given by the following 
equation: 

Z2 = 0,64/ (V1 • EL T) (6) 

where 

z2 = fractional void loss due to demand for skid 
resistance as a decimal, 

ELT 

= layer void content as measured with the modified 
tray test, expressed as a decimal fraction, and 

= effective layer thickness as measured with the 
modified tray test (mm). 

The available void fraction that may be filled with binder is 
the balance of the void content, which is equal to the following 
equation: 

(7) 

wheFe 

z3 = decimal fraction of void space that may be filled 
with binder for a normal life expectancy. 

However, to ensure that there is no aggregate whip-off, it is 
essential that the aggregate be at least half-covered with binder. 
In other words, 50 percent of the voids should be filled. 
However, during the initial rolling immediately after spraying 
and chipping, a certain amount of embedment takes place, 
which reduces the fraction that has to be filled with binder. The 
amount of rolling embedment is taken to be 0,90 of the total 
embedment. The fractional void loss that results from rolling 
embedment is equal to the following: 

Z4 = 2,528D3 - 4,587 D} + 3,058D~ (8) 
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where 

z4 = fractional void loss due to rolling embedment as a 
decimal, and 

D 3 = embedment due to rolling expressed as a decimal 
fraction of the EL T. 

The minimum void fraction as a decimal, z5, that should 
initially be filled with binder is therefore equal to the following: 

(9) 

If the available void fraction, z3, is greater than the minimum 
void fraction, Z5, the seal will have a normal life, which is 
usually taken to be I 0 years . However, if the minimum void 
fraction is greater than the available void fraction, the seal will 
have a reduced life expectancy. The life expectancy in years can 
be estimated from these measurements . It is assumed that the 
fractional void loss per anqum is constant. Therefore, the 
fractional void loss per annum is equal to the total fractional 
void loss that results from embedment and wear after the 10-yr 
period minus the fractional void loss that results from rolling 
embedment divided by 10. When the fractional void content in 
the seal reaches the stage at which the fractional void content is 
equal to the fractional void demand for good skid resistance, 
the end of the safe life of the seal has been reached. However, 
just after construction of the single seal, 50 percent of the void 
space is still available because the aggregate has only been 
half-covered with binder. The life expectancy of the seal is 
therefore equal to the following: 

(10) 

where 

= (Z 1 -Z~ / IO (11) 

and 

= 0,5 - Z2 (12) 

where 

= fractional void loss per annum, 
= void space available, and 
= estimated service life of the seal in years. 

The maximum and minimum nominal cold binder application 
rates for a single seal are equal to the following: 

= Z3 • V1 • ELT (when Z 3 > Z5) 

-= Z 5 • V1 • ELT 
(13) 
(14) 

DETERMINATION OF THE AGGREGATE SPREAD 
RATE 

The area of the modified tray test tray is equal to 0,05 m2. The 
spread rate of aggregate can therefore be determined easily by 
determining with a measuring cylinder the bulk volume of the 
aggregate sample used with the modified tray test apparatus. 
This bulk volume is then multiplied by 20. It is also possible to 
determine the void content of the loose bulk volume of the 
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aggregate, Vb• from the bulk volume, the mass of the aggregate 
sample, and the relative density of the aggregate. The mass and 
relative density of the aggregate sample can be recovered from 
the information of the first phase of the modified tray test. 

Phase Two Of the Modified Tray Test 

Only a portion of the space in a layer of stone lying shoulder to 
shoulder with a specific EL Tis occupied by the stone particles. 
The balance of the space in the layer consists of the void, V1• 

Only a portion of the space in the loose bulk volume of the stone 
is occupied by the stone particles. The balance of the bulk 
volume consists of the bulk void, Vb. Therefore, one can 
theoretically state that the number of square meters that should 
be covered by 1 m3 of loose aggregate, A 1, is equal to the 
volume of the solids in I m3 of aggregate divided by the volume 
of the solids in I m2 aggregate. 

A 1 = [I 000 · (100 - Vb)]/[ELT · (100 - V1)] (15) 

where 

= effective layer thickness of stone layer (mm), 
= void content of single layer of stone (%), and 
= void content of bulk volume (%). 

If the spread rate, Q 1, is expressed as a fraction of a cubic meter 
per square meter, then 

= [ELT • (100 - V1)]/[l 000 · (100 - V2)] 

X 1 000 (X 10-3) 

= [ELT· (100- V1)]/(l00 - Vb) (Xl0-3) (16) 

Research conducted at the NlTRR has shown that there is an 
excellent correlation between the actual spread rates that were 
determined ·with the modified tray test samples and the 
measuring cylinder, and the theoretical spread rates using the 
measured values for the EL T, V1 and Vb (see Figure 4). The fact 
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FIGURE 4 Relation between the measured and 
calculated aggregate spread rates. 
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that the gradient value is almost one appears to prove that the 
values of the EL T and the void content, v,, as determined with 
the modified tray test, are correct. 

Therefore, if the test results indicate a substantial difference 
between the calculated spread rate, Q 1, and the practically 
determined spread rate, it is safe to assume that a mistake has 
been made with the measurements of the modified tray test. One 
can therefore double check the validity of test information. 

In order to ensure good shoulder-to-shoulder coverage of the 
aggregate, it has been found necessary to increase the spread 
rate by about 5 percent to provide for the fluctuation in the bulk 
void content of the loose aggregate. This is reinforced by 
Mackintosh, who concluded (4): 

Surplus chips are not only whipped off by traffic, but actually 
cause the loosening of some chip already held by the binder .. . . 
Therefore, excess chips should not be applied as an allowance 
for whip-off. The aim should be such accurate rates of spread 
and spray that there is practically no whip-off. The only 
allowance to be made should be a maximum of six per cent, 
though four per cent is usually enough, for handling losses and 
imperfect workmanship. 

DETERMINATION OF BINDER QUANTITY OF DOUBLE 
SEALS 

Research conducted at the NITRR has shown that exactly the 
same approach can be followed in the design of a double seal 
because the void distribution in a double layer of aggregate 
follows approximately the same pattern as that of a single layer 
(see Figure 5) (J). 

Research with the modified tray test has also found that there 
is a very good relation between void contents of the separate 
layers of aggregate and the total void content of a double seal. A 
good relation also exists between the EL Ts of the separate 
layers and the EL T of the double seal (see Figures 6 and 7). 

The ·spread rate of the bottom layer of stone should be 
reduced by 5 percent to achieve proper keying of the top layer of 
stone. The theoretical relationship of the calculated voids is as 
follows: 
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v,d = [ELT11 . (0,95 . vii + 5) + ELT12 . (V,2)] 
X (ELTd) / (ELT11 + ELT n)2 ( 17) 

where 

v,d = calculated void content of double seal (%), 
ELT11 = effective layer thickness of bottom layer of ag-

gregate (mm), 
ELT12 = effective layer thickness of top layer of aggregate 

(mm), 

ELTd = effective layer thickness of double layer of ag-
gregate (mm), 

V11 = void content in bottom layer of aggregate (%), 
and 

V12 = void content in top layer of aggregate (%). 

It was also found that a fairly accurate estimate of the true 
void content could be made using only the information from 

Transportation Research Record 1106 

separate aggregate layers (see Figure 8). It was also found that 
the relation between the void content and the ELT of the double 
seal was far more pronounced than that of a single seal (see 
Figure 9). The better relation between the void content and the 
ELT of a double seal is probably the prime reason why double 
seals are generally less likely to fat up than single seals. 

The only difference between the design of a double seal and 
the design of a single seal is that 65 percent of the voids in a 
double seal have to be filled with binder to ensure that the top 
layer of aggregate is at least half-covered with binder. Therefore, 
the minimum void fraction that must be filled with binder is as 
follows: 

z5 = 0,65 - Z4 
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where 

= fractional void loss due to roller embedment. 

At least 65 percent of voids of a double seal have to be filled 
initially. Therefore, if the minimum required void fraction is 
greater than the available void fraction, the reduced service life 
is calculated as follows: 

(19) 

where 

= (Z1 - Z,J/ 10 (20) 

and 

= 0,35 - Z2 (21) 

The stone spread rates for a double seal are determined in 
exactly the same manner as that of a single seal. However, only 
the spread rate of the top layer is increased by 5 percent because 
a slightly lower spread rate is desired for the bottom layer to 
ensure proper keying of the stone of the top layer. 

CONCLUSION 

Be ca use it is only necessary to fill at the most 50 percent of the 
voids in a single seal and 65 percent of the voids in a double seal, 
the maximum void fraction can be kept within these limits. 
Therefore, if the available voids to be filled with binder amount 
to more than 50 or 65 percent for a single or double seal, 
respectively, they can be safely reduced to 50 or 65 percent, as 
the case may be. 

It is recommended that the minimum, nominal cold binder 
application rate normally be used. The maximum nominal cold 
binder application rate gives an indication of how much the seal 
could absorb without any likely detrimental effects on the 
performance of the seal. 

A correction in binder application rate is applied for both the 
single and double seal. This is determined by means of a 
function that was derived from earlier research by Marais and 
depends on the surface texture of the surface to be sealed, which 
is determined with the sand patch test, and the average daily 
traffic (3). 

The whole design method has been computerized so that it is 
only necessary to enter the following information: 
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• The EL T(s) of the aggregate, 
• The void content(s) of the aggregate layer(s), V1, 

• The bulk void content(s), Vb, 
• The hardness of stone expressed as its 10 percent FACT 

value, 
• The corrected ball penetration value as determined by the 

ball penetration test, 
• The average daily traffic per lane in equivalent light 

vehicles, and 
• The surface texture depth of the existing surface. 

The design then gives both the maximum and minimum 
nominal binder application rates. It also provides the binder 
required for surface texture correction in terms of liters per 
square meter of cold binder and the aggregate spread rate in 
cubic meters per square meter (X 10-3). The years of expected 
service of a reduced life expectancy are also calculated. 

This is the only method used by personnel of the Division of 
National Roads of the Department of Transport for the design 
of surfacing seals on national routes, including busy freeways. 
They are very satisfied with the results obtained thus far. 
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Requirements and Properties of Wearing 
Course Materials for Unpaved Roads in 
Relation to Their Performance 
P. PAIGE-GREEN AND F. NETTERBERG 

A study of the influence of the properties of wearing course 
materials on the performance of unpaved roads in the Transvaal 
province of South Africa is in progress. The experiment 
involves the regular monitoring of91 sectim1s of road that cover 
six geological material groups, three climatic regions, and two 
traffic categories. The results of the field observations and 
preliminary analyses are discussed in terms of observed require
ments for wearing course materials. The major contributors to 
road roughness are oversized material, potholes, corrugations, 
and surface erosion, all of whi::h can be reduced by careful 
material selection and improved construction. Many of the 
sections under study have performed acceptably, even under 
reduced maintenance programs. 

INTRODUCTION 

South Africa, like much of the developing and developed world, 
uses an important network of unpaved roads. These roads 
comprise about 75 percent of the total road network in the 
Republic of South Africa and substantially more of the network 
of southern Africa as a whole. Previous major studies of 
unpaved road performance have been performed in Kenya, 
Brazil, and Ghana (l-3). The prime objective of-these studies 
was to evaluate maintenance strategies; little attention was paid 
to material characteristics and performance. In contrast, the 
prime objective of the present investigation is to define the 
material characteristics that influence the performance of 
unpaved roads in general. The only other local study that was 
published was limited to one material subtype (calcrete) and a 
qualitative appraisal of performance (4). The present study 
involves the sampling, testing, and routine monitoring of 91 
sections of unpaved road over a period of 3 yr in the Transvaal 
province of South Africa and 18 sections in south West Africa 
(Namibia). The main objectives of the project are to develop 
reliable, performance-related materials standards for unpaved 
roads and to assess the applicability of the Brazil study to local 
conditions (2). Secondary objectives include improved 
maintenance techniques and a better understanding of cor
rugations and the effect of geological material type on road 
performance. This work was performed from January 1984 to 
January 1987. The purpose of this paper is to briefly describe 
the results of the sampling and initial monitoring of the 
Transvaal sections and to provide a preliminary analysis of 
their properties and performance in relation to the idealized 
requirements for wearing course materials. 

National Institute for Transport and Road Research, CSIR, P.O. Box 
395, Pretoria, 0001, Republic of South Africa. 

EXPERIMENTAL DESIGN 

The experiment utilized a factorial design; geological material 
type, climate, and traffic were the selected factors. Material 
types were grouped into six categories, each of which consisted 
of materials of cor.1mon mineralogy and weathering character
istics irrespective of genesis (5). These groups were classified as 
acid crystalline (granite, felsite, and gneiss), basic crystalline 
(diabase, dolerite, and basalt), high silica (quartzite and quartz 
porphyry), arenaceous (sandstone), argillaceous (shale and 
mudrock), and pedocretes (calcrete (caliche) and ferricrete 
(laterite)). Each of these material types, except pedocretes, 
represents materials that range from mostly residual rocks in 
various stages of weathering (with or without a small admixture 
of the overlying transported soil binder) to residual soils. 
Calcretes and ferricretes are soils that are variably cemented or 
replaced by calcium carbonate and iron oxides, respectively. 

The Weinert N-value was thought to be the most suitable 
climatic descriptor: 

(I) 

where 

£ 1 = calculated average evaporation in the warmest month 
(January), and 

P
0 

= average annual rainfall (5). 

Besides taking rainfall into account, the N-value correlates 
closdy wilh the products formed during weathering. N-values 
of 2 and 5 correspond approximately with normal annual 
rainfalls of 500 and 800 mm, respectively. The Transvaal has a 
semiarid to subhumid warm climate, and road damage from 
freezing and thawing is unknown. The normal annual rainfall 
varies from less than about 400 mm in the north and west to 
over 1 500 mm in the mountainous parts of the east . 

Two levels of traffic (greater and less than 100 vehicles per 
day) were considered to be the categories that were most 
suitable for local conditions. The traffic counts indicated were 
obtained from the most recent provincial records. 

The design matrix is shown in Figure 1, in which the road 
numbers are listed in each cell and the average daily traffic and 
percentage of heavy vehicles are indicated for each.road. All of 
the roads selected were constructed of the best material 
available near the road. A clustered, stratified random selection 
procedure was used to select the sites. Whenever possible, two 
sections were selected in each cell; one was a straight, level 
section and the other was on either a vertical grade or a 
horizontal curve. Each section was 300-m long. 
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1 2 3 4 5 6 
SURFACING MATERIAL ACID BASIC HIGH SILICA ARENACEOUS ARGILLACEOUS PEOOCRETE 

CRYSTALLINE CRYSTALLINE 

TRAFFIC 576 796 625 

C>< 
210 1110 

CLIMATE I 28/ 13 l 140/38) I 15/43) I 79/ 15) ( 47/30) 
< 100 1298 421 1008 

vpd 120/23) (64170) (26128) 

1560 383 P8-4 [>( 210 268 
N < 2 > 100 ( 140/46) 1214/53) I 112/ 29) ( 102132) (653/40) 

vpd 219 1266 

(105/61 l (108/36) 

1439 1561 1886 178 1342 1717 

< 100 15/20) ( 61 /20) ( 20/5) (26125) ( 58114 l ( 31 /27 l 

vpd 685 p 175-1 942 
(48/ 15) ( 97125) ( 1817) 

2 <N<5 
024 1161 420 52 2 7 71 327 

> 100 ( 427/17) ( 200110) ( 197120) ( 17 3/14) ( 38819) ( 152/22) 

vpd 685 
( 251122) 

017 437 1479 1141 508 167 
(581 25) (90126) (20126) I 30144) ( 26/ II l ( 56115 l 

< 100 14 508 1216 vpd 
1 22/27) I 72 /28) (II I 22l 

N > 5 
502 912 509 611 146 1401 

> 100 
( 112 1 13) ( 127120) I 156/16) ( 100/23) (265/16) (200150) 

vpd 
433 611 

I 109 12 2 l ( 110/ 30) 

Fl G URE 1 Experimental design matrix for the sampling and monitoring of unpaved roads in the Transvaal region of South Africa. 

MEASUREMENT OF PERFORMANCE CRITERIA 

Roughness 

The roughness, or riding quality, of the sections was measured 
using Opel Rekord stationwagons that were fitted with Linear 
Displacement Integrators (LO Is) that were regularly calibrated 
against a set of standard control sections (6). The LOI value was 
then converted to a Quarter Car Index (QI) using a correlation 
between the LOI calibration and the QI calculated for the 
control sections after rod and level surveys (7). Roughness was 
measured in triplicate in both directions at 80 and 50 km/ hr. In 
cases in which the geometrics or riding quality were such that 
the vehicle could not travel safely at 80 km / hr, the measurements 
were made at 50 and 30 km/ hr. Measurements were generally 
taken every 3 weeks for each section. The QI scale typically 
increases with roughness over the range of 10 counts/ km (very 
smooth, PSI about 4.0) to more than 100 counts/ km (very 
rough, PSI less than 1.0). 

Gravel Loss 

The gravel loss measurements followed the method adopted in 
Kenya (J). Level measurements were taken at about six 
monthly intervals on a grid of 1-m intervals across the road and 
5 m along the road over a length of 50 m. The measurements 
were compared with standard benchmarks located in the 
subgrade to indicate the average decrease in the thickness of the 
wearing course over the section. 

Rut Depths 

Longitudinal rut depths were measured using an AASHO road 
experiment rut depth gauge with a base length of 1.22 m. Rut 
depths were initially measured on all sections every 3 weeks but 
it soon became obvious that very few of the roads actually 
rutted under the prevailing conditions. Ruts were subsequently 
only measured when obvious wheel tracks with distinct ruts 
were evident. 

Corrugations 

In cases in which transverse corrugations or washboards were 
evident, their depth was measured with the rut depth gauge and 
their wavelength, extent, and width were measured or estimated. 
This data was collected to build a data base for a further 
investigation into their cause and prevention. 

General Condition 

Other factors that influenced the performance of the road were 
dust, stoniness, potholes, cracks, loose material, skid resistance 
in wet and dry conditions, wet weather trafficability, surface 
drainage (including ponding of water), and maximum in-place 
stone size. Each of these factors, except the maximum in-place 
stone size, which was measured, was visually rated by the two 
separate, independent parameters of both severity and extent 
on a five-point scale (Table I) according to the general principles 
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TABLE 1 RATING OF FACTORS BY SEVERITY AND EXTENT 

Severity Extent 

Degree Description Extent(%) Rating 

I Absent or negligible 0-20 1 
2 Of minor importance 20-40 2 

Significant, but acceptable 
with respect to consequences 40-60 3 

4 Of major importance; may 
require evasive action 

5 Totally unacceptable in 
regard to consequences 

of the National Institute for Road Research (8). For example, 
significant but an:eplable cracking lhal exlen<le<l over lhe 
whole section would be coded as Degree 3, Extent 5. 

The depth and diameter of the most severe potholes were 
measured on each section. These measurements and ratings 
were performed for each section after riding quality measure
ments were taken every 3 weeks. 

Maintenance 

Normal maintenance procedures were followed for the first 5 
months of the monitoring, after which grader blading was 
reduced to about once every 4 months where conditions 
permitted. This procedure was adhered to for most of the 
sections. 

RESULTS 

The results of the more important material properties are 
summarized in Table 2. All results, except the in-place maximum 
size, density, moisture content, and relative compaction refer to 
determinations made in the laboratory on disturbed samples 
removed from the road. Most of the sections that were 
investigated were constructed or regraveled after 1973. 

REQUIREMENTS OF WEARING COURSES FOR 
UNPAVED ROADS AND COMPLIANCE OF TEST 
SECTIONS 

An ideal wearing course for unpaved roads should have the 
following attributes: 

• An ability to provide an acceptably smooth and safe ride 
without excessive maintenance; 

• Stability, in terms of resistance to deformation under 
both wet and dry conditions; 

• An ability to shed water without excessive erosion or 
scouring; 

• Resistance to the abrasive action of traffic; 
• Freedom from excessive dust in dry weather; 
• Freedom from excessive slipperiness in wet weather 

without excessive tire wear; and 
• Low cost and ease of maintenance (JJ). 

60-80 4 

80-100 5 

The generalized and observed properties that affect these 
attributes a1e summarized in Table 3. ln a<l<liliun, acceplabilily 
criteria for most of these properties are given together with the 
percentage of sections in which these criteria are within 
acceptable limits. The acceptability criteria are based primarily 
on the authors' experience of driving more than 70 000 km on 
unpaved roads during the routine monitoring of unpaved 
roads. 

Ability to Provide an Acceptably Smooth Ride 

The ability of the road to provide an acceptably smooth ride is 
one of the most important requirements and depends on a 
number of factors. A regression of the average riding quality 
(QI) per section in both directions against the average condition 
and material properties yields Equation 2, which accounts for 
72 percent of the variance (r = 0.85; 95 percent confidence 
limits ± 28.6). The range of experimentally measured and 
generally possible values for the individual variables, arranged 
in order of their maximum effect calculated from the maximum 
value measured in the Transvaal, is shown in Table 4. 

QI = + 23.57 CORR + 1.47 STONES + 4.91 POT 
+ 0.79 P075 + 3.86 SURDR - 0.55 P2 
- 0.08 AADT - 0.20 AFV 
- 1.50 N ... Counts/km (2) 

Each of these variables is significant at the 0. l percent level 
except N, which is significant at the 2 percent level. Not all 
variables are entirely independent and some overlap exists in 
some cases, such as between surface drainage and potholes. 

The condition parameters of surface drainage, corrugations, 
and stoniness are the first three variables to enter a forward 
stepwise regression; potholes enter at step 6 out of 21 possible 
variables. The surface drainage parameter includes all aspects 
that affect surface drainage, including erosion runnels, ruts, and 
potholes. The climate and traffic variables are not unexpected 
in this equation. However, the three material parameters, the 
two grading parameters and the AFV, which is a simple particle 
strength test that correlates well with more sophisticated 
strength tests, that were included at the expense of plasticity 
index or grading modulus are somewhat surprising. The 
negative influence that was attributed to annual average daily 
traffic (AADT) was probably due to the fact that highly 
trafficked roads were graded more frequently. 
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TABLE 2 SUMMARY OF PROPERTIES OF WEARING COURSE MATERIALS 

Propertya 

In place maximum 
size (mm) 

Laboratory max imum size (mm) 
Percent passing sieve 

4. 75 mm 
2.00 mm 
0.425 mm 
0.075 mm 

Percent clay (< 0.002 mm)b 
Grading modulus (GM)c 
Dust ratio (P075/ P425) 
Liquid limit (%) 
Plasticity index (%) 
Linear shrinkage (%) 
Proctor maximum 

dry density (kg/ m 3) 
Optimum moisture 

content (%) 
In-place density 

(kg/ m3) 
In-place moisture (%) 
In-place relative 

compaction 
(% Proctor) 

Soaked 0.1 in. CBR 
(% Proctor)d 

Unsoaked 0.1 in CBR 
(% Proctor)d 

Aggregate fingers 
value (AFV) (%)e 

Aggregate pliers value 
(APV) (%)f 

Values 

Mean 
(xJ 

323.0 
30.4 

77.0 
63.0 
44.0 
22.0 

9.0 
l.72 
0.48 

27.0 
7.5 
3.9 

1,972 

11.6 

1,917 
5.7 

98.0 

26.0 

35.0 

67.0 

23.0 

Standard 
Deviation 
(a) 

152.0 
14.5 

16.0 
16.0 
15.0 
12.0 

7.0 
0.37 
0.16 
7.5 
5.2 
2.7 

122 

3.0 

145 
2.7 

4.0 

20.0 

27.0 

18.0 

18.0 

Maximum 

920 
63 

100 
100 
93 
76 
48 

2.52 
0.95 

50 
33.0 
16.0 

2,209 

24.0 

2,195 
14.2 

108 

99 

205 

100 

82 

Minimum 

60.0 
4.8 

30.0 
22.0 
15.0 
9.0 
l.O 
0.3 
0.22 

NP 
0 
0 

1,613 

7.0 

1,507 
l.O 

87 

0 

3 

13 

0 

n 

3,729 
182 

182 
182 
182 
182 
182 
182 
182 
182 
182 
182 

162 

162 

161 
162 

145 

162 

162 

130 

130 

"South African standard test methods followed except where indicated (9). 

bHydrometer analysis by N !TR R method (10). 

cG M = cumulative percentage retained on 2.00, 0.425 and 0.075 mm sieve divided by 100 (1 I). 

dCBR tests were performed on unsoaked specimens and specimens that were soaked for 4 days in the usual manner. 

eAFV = total percentage number of 13-19 mm nggregate pnrticlcs that were unbreakable in the fingers of both hands 
(12). The reproducibility of this simple test is about ± I 0 percent of the A FY. 

rA PY = lot al percentage number or 13- 19 mm aggregate pnrti cle tha t were unbreakable with 180-mm (7-in) engineer's 
pliers ( Hai.c t type I 850-3 /7 in) when held in the concave, serra ted portion of the jaws, using one hand (12) . The 
reproducibility of th i simple tes t i ab ut ± 5 percent r the A PY. 

The stoniness of a road can be easily controlled by careful 
material selection and construction techniques. In developing 
areas, the hand picking of oversize material should be considered 
to provide temporary employment and produce a marked 
improvement in riding quality. The removal of oversize material 
also results in a reduction in the potholes that are formed during 
grader blading. The selection of a material with a smaller 
erosion potential, or greater cohesion, will reduce erosion 
runnels and probably inhibit the formation of corrugations; 
however, more potholes may form. 

It can be seen from Table 3 that 50 percent of the sections 
had an acceptable riding quality, even after the maintenance 
frequency was reduced, whereas between 62 and 86 percent of 
the sections were acceptable in regard to corrugations, potholes, 
and surface erosion. Very few roads showed noticeable corruga
tions during the wet season. Potholes and erosion channels were 
avoided by vehicles once they developed and they did not 
significantly deteriorate during the dry season. 

Stability 

Neither the wearing course nor the subgrade, to a lesser extent, 
should deform under applied loads in either wet or dry 
conditions. A lack of stability results in potholes, rutting, and 
general deformation. An adequate material strength, for in
stance soaked CBR, and gravel thickness are necessary to 
ensure stability. None of the sections exhibited significant 
deformation even though 31 percent of the sections had 
materials with soaked Proctor CBR values of less than 15. It 
would therefore appear that either very few vehicles use these 
roads during prolonged wet periods or that such values are 
satisfactory in these particular cases. 

Ability to Shed Water 

If water is retained on the wearing course, the reduction of 
strength in localized areas because of soaking will probably 



TABLE3 PROPERTIES THAT AFFECT THE REQUIREMENTS OF WEARING COURSE GRAVELS AND THE ACCEPT ABILITY OF SECTIONS 

Property Grading 

Percentage of 
Aggregate Soaked Acceptability Sections 

Requirements Boulders Gravel Sand Silt Oay Plasticity Strength CBR Traffic Climate Grade Criteria Acceptable 

Smooth ride Mean QI 50 
< 80 

Corrugations + + + + Mean rating 83 
< 2.5 

Stoniness + + + + Mean rating 62 
< 3.0 

Potholes + + + + + + + Mean rating 86 
< 3.0 

Erosion + + + + + No observed 64 
erosion 

Stability 
Deformation + + + + + + Observed 100 

deformation 
Ability to shed water 

Potholes + + + + + Mean rating 86 
< 3.0 

Erosion + + + + + Mean rating 64 
< 3.0 

Shape + + + 

Resistance to 
abrasion + + + ++ + + + ++ Gravel loss 84 

<21 mm/ y 
Freedom from 
dust + + + + + Mean rating 53 

< 4.0 
Freedom from 
slipperiness 

Wet + + + + + + + Mean rating 88 
< 3.0 

Dry + + + Mean rating 100 
< 2.0 

Low cost and ease 
of maintenance 

Initial cost + + + 
Maintenance 

cost + + + + 
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TABLE 4 VARIABLES THAT AFFECT ROAD ROUGHNESS 

Variable 

Code Description 

CORR Degree of 
corrugation severity 

STONES 3 (degree of 
stoniness severity) 
X rating of stoniness extent 

POT Degree of pothole severity 
X rating of pothole extent 

F075 Percentage passing 
0.075 mm 

SURDR Degree of surface 
drainage severity 

P2 Percentage passing 2.00 mm 
AADT Annual average daily traffic 

(vehicles per daylight day) 
AFV Aggregate fingers value (%) 
N Weinert's climatic N-value 

result in the formation of potholes and depressions. Of greater 
concern is the formation of transverse erosion channels in 
certain materials because of excessive water flow rates along the 
crossfall. Longitudinal erosion has less of an influence on riding 
quality but is important from the aspects of material loss, 
maintenance, and safety. Longitudinal erosion usually results 
from ruts or wider trough-like areas of excessive wear in the 
middle of a road in which only three wheel paths become 
surface drains during intense rainfall. Well-executed routine 
maintenance results in an adequate water shedding capability. 
Erosion was observed to be a significant problem on slopes 
greater than about 4 percent or those with crossfalls of about 4 
percent. 

Resistance to Abrasive Action of Traffic 

The abrasive action of traffic results in the development of ruts, 
the generation of loose material, and an overall loss of material 
with time, which necessitates regraveling, which is the most 
costly maintenance operation. Adequate cohesion and routine 
maintenance are required to reduce the abrasive action of 
traffic. The worked material should be moistened and compacted 
after maintenance blading is performed to keep gravel loss to a 
minimum or the cohesionless material will be rapidly lost.under 
traffic action. The actual gravel loss depends mainly on the 
traffic volume. Only 16 percent of the sections showed gravel 
losses of more than 21 mm/ yr, which is the amount of loss that 
is usually estimated. The rule of thumb for gravel loss is usually 
150 mm in 7 years. 

Freedom From Excessive Dust 

Excessive dust is primarily undesirable from the point of view of 
safety, but it also affects mechanical wear, driver discomfort, 
and roadside vegetation and crops. This investigation has 
shown that all materials produce excessive dust at some stage, 

Maximum 
Measured 
Effect 

Value on QI 

Measured Possible Counts/km 

1-5 1-5 +I 18 

3-75 3-75 +110 

1-20 1-25 +98 

10-30 5-50? +24 

2- 5 1- 5 +19 
22-100 10-100? -55 

5-653 0-1000 -52 
13-100 0-100 -20 
1.3-8 0.5-100 -12 

usually after blading during the months of low rainfall. Fifty
three percent of the sections investigated showed unacceptably 
high dust ratings when about 40 observations were averaged. 

Freedom From Excessive Slipperiness Without Excessive Tire 
Wear 

The road should not be slippery when dry or become slippery 
when wet. Slipperiness is generally overcome by the presence of 
a well-graded fines and aggregate mix. The aggregate, however, 
should not be of such a size that it is excessively rough on tires. 
All of the roads investigated could be safely negotiated at speeds 
in excess of 80 km/ hr under dry conditions, whereas 12 percent 
were periodically slippery after a number of vehicle passes 
under prolonged rainfall. The presence of loose material after 
blading exacerbated the condition by negating the effect of the 
underlying aggregate. 

Low Cost and Ease of Maintenance 

Local materials are required to keep construction costs low. 
Maintenance of most roads is not a problem unless there is an 
excess of oversize material. However, the frequency of blading 
should be determined by its necessity and should not follow a 
fixed program. Excessive blading can actually aggravate the 
problems of dust, wear, and slipperiness. Routine blading is 
seldom successful in restoring the shape of an eroded, badly 
worn, or potholed road. 

DISCUSSION AND RECOMMENDATIONS FOR 
IMPROVING UNPAVED ROADS 

Many of the sections that were studied have provided and 
continue to provide perfectly adequate service, even after no 
maintenance was performed for extended periods. Further 
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research into the development of specifications from these 
observations is currently being performed. 

However, those roads that do not perform acceptably can 
often be substantially improved by paying more attention to the 
following: 

• Hard stones larger than about 75 or 100 mm lead to a 
marked deterioration in riding quality and maintenance pro
cedures. Any stones of this size or larger that cannot be broken 
down under grid rolling should be removed by screening or 
hand picking, if necessary. The latter solution is especially 
recommended. in developing areas with an unemployment 
problem. 

• Erosion, especially transverse erosion, should be reduced 
as much as possible by better compaction, flatter crossfalls, 
better drainage, and the selection of a material that is less prone 
to erosion (i.e., more cohesion and fines). 

• Potholes can be reduced by eliminating large stones from 
the wearing course and using material with an adequate soaked 
strength. 

• Corrugations are primarily formed in materials that have 
low cohesion and in particular on bends and areas of acceleration 
or deceleration. Roads that contain a large number of large 
stones are also prone to the formation of corrugations because 
of the oscillatory motion of the vehicles over the stones. 

• Carefully managed maintenance programs with· well
executed maintenance operations result in far more satisfactory 
roads. 

• Grader blading should be performed shortly after wet 
periods and loose material should be compacted to produce a 
smooth, stable finish. 

CONCLUSIONS 

Many of the sections perform acceptably even after no 
maintenance is performed for prolonged periods. It is evident 
that maintenance programs should be devised to allow those 
roads with high traffic and steep grades to be maintained more 
frequently than those that show little deterioration even after 4 
or 5 months. 

The selection of materials with low boulder contents and 
adequate cohesion should result in a significant improvement in 
riding quality. If excessive boulders cannot be broken down by 
grid rolling, they should be removed from the layer manually. 
The common practice of pushing boulders into the layer should 
be discouraged because they project through the surface soon 
after the wearing course gravel is lost. 

Further research into actual values for reliable, simple 
specifications is warranted. Existing specifications obviously 
exclude many materials that are actually satisfactory in practice. 
The revision and simplification of these specifications would 
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probably result in their greater implementation, which would in 
turn result in an improvement of riding quality and lower 
maintenance requirements. 
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Determination of Pavement Layer 
Structural Properties for Aggregate
Surf aced Roads 
T. RWEBANGIRA, R. G. HICKS, AND MARK TRUEBE 

Pavement engineers and researchers generally agree that surface 
deflection basin measurements provide valuable information 
for pavement structural evaluation. This understanding has led 
to the development of analysis procedures that are used to 
determine pavement material characteristics (resilient moduli) 
from surface deflection data. Several types of NDT equipment 
and analysis procedures are currently available for providing 
this information, and have mainly been used for asphaltic 
concrete pavements. These procedures vary substantially in 
complexity, accuracy, and availability, which makes the selection 
of appropriate equipment and analysis methods difficult for an 
individual agency. The use of back-calculation procedures to 
predict the structural properties of aggregate-surfaced pave
ments from deflection data is evaluated in this paper. 

Two procedures are evaluated, BISDEF and MODCOMP2, 
together with three surface deflection measuring devices, the 
Falling Weight Deflectometer, Road Rater, and Dynaflect. 
Deflection basins measured by these devices are evaluated by 
using the two procedures to obtain the resilient moduli of the 
pavement and subgrade. In addition, a laboratory study was 
conducted in which the moduli of the aggregate surface and 
subgrade soil were determined. A. comparison was made 
between the back-calculated and laboratory-determined moduli. 
It was found that BISDEF and MODCOMP2 predicted the 
moduli of the subgrade using FWD data to within the range of 
laboratory-determined values. Both procedures performed 
poorly with the data measured by the Dynaflect, and less poorly 
with the data measured by the Road Rater. 

Pavement engineers and researchers generally agree that surface 
deflection basin measurements provide valuable information 
for pavement structural evaluation. This understanding has led 
to the development of analysis procedures that are used to 
determine pavement material characteristics (resilient moduli) 
from surface deflection data. Several types of nondestructive 
testing (N DT) equipment and analysis procedures are currently 
available for providing this information, and have mainly been 
used for asphaltic concrete pavements. These procedures vary 
substantially in complexity, accuracy, and availability, which 
makes the selection of appropriate equipment and analysis 
methods difficult for an individual agency. 

Aggregate-surfaced roads still account for a great portion 
(approximately 57 percent) of the total mileage of roads in the 
United States. In developing countries in which traffic volumes 
are generally low, aggregate-surfaced roads account for up to 90 

T. Rwebangira and R. G. Hicks, Department of Civil Engineering, 
Oregon State University, Corvallis, Oregon 97331. M. Truebe, USDA 
Fores t Service, Eugene, Oregon 97440. 

percent of national road networks . Up-to-date information on 
the application and limitation of available analysis procedures 
for aggregate-surfaced pavements is not widely available. Such 
information would help improve the management of low
volume, aggregate-surfaced pavements. 

OBJECTIVE 

The objective of this study was to evaluate certain procedures 
that can be used to determine the moduli of the pavement and 
subgrade of aggregate-surfaced roads. Five projects in the 
Willamette National Forest in Oregon were evaluated with this 
objective in mind. Willamette National Forest managers were 
interested in back-calculation as a means of obtaining seasonally 
varying moduli for input in a mechanistic Surfacing Design and 
Management System (SDMS) (J. 2 ). The procedures evaluated 
included BISDEF, which was developed by the U.S. Army 
Corps of Engineers, and MODCOMP2, which was developed 
at Cornell University (3-5) . The back-calculated moduli were 
compared with laboratory-determined moduli using both 
disturbed and undisturbed samples. 

FIELD DATA COLLECTION 

Site Descriptions 

Willamette National Forest roads were exclusively used to meet 
the study objective. Although data were collected on 18 
different sites, only five of these sites were analyzed. The 
selection of the five sites was based on the availability of 
laboratory moduli data from both disturbed and undisturbed 
subgrade samples and the presence of an aggregate-surface 
layer. Specific characteristics of each site used in the analysis are 
given in Table I. Four of the selected sites consisted of a 
crushed-aggregate pavement layer that was placed on top of a 
prepared subgrade. The fifth site had an intermediate layer of 
pit run between the aggregate layer and the subgrade. 

Pavement Surface Deflection 

Surface deflection data were collected four times over a period 
of I year from October 1984 to October 1985. Three different 
deflection measuring devices were used: the Dynaflect, the 
Falling Weight Deflectometer (FWD), and the Road Rater. 
During each of the four site visits, deflection measurements 
were taken either with the Dynaflect, Road Rater, or FWD. On 
two occasions, November 1984 and March 1985, the Road 
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TABLE I SUMMARY OF THE CHARACTERISTICS OF THE FIVE TEST SITES 

Elevation 
USFS (ft above Pavement 

Site Road No. Sea Level) Thickness/ Material 

Mark's What 1802-165 2200 8.0" crushed rock 

Powell's 5833-500 1800 8.95" crushed rock 
Potholes 

Frosty 5840-540 3200 6.0" crushed rock 
Rock pile 10.0" pit run 

Steepback 1825-242 2400 6.0" crushed rock 

Shaddy Dell 5847-565 2200 9.86" crushed rock 

Rater and Dynaflect were used concurrently. In June 1985 the 
Road Rater and FWD were also used concurrently. In October 
1985, only the FWD was used. The analysis utilized data from 
the Dynaflect and Road Rater obtained in November 1984, and 
the FWD data obtained in October 1985. The selection of these 
dates was based on the fact that the subgrade soil had about the 
same value of moisture content. 

Deflection Equipment 

Dynaflect 

The Dynaflect, which is owned by the USDA Forest Service 
Region 6, employs two counter-rotating masses to apply a 
peak-to-peak dynamic force of i,000 ibs (4.4 i:N) at a fixed 
frequency of 8 Hz. The force is applied to the pavement through 
the use of two steel wheels that are 20 in (50.8 cm) apart and the 
deflection basin is measured using six sensors. 

Road Rater 

The Road Rater System (model 200B), which is owned by the 
Federal Highway Administration (FHWA), applies a known 
force to the roadway surface at a specified frequency. The 
deflection is measured by four sensors that are positioned at I-ft 
intervals. The force and frequency are adjustable and may be set 
at any target value. The target values for this study were 1.3 kips 
and 25.0 Hz, which are the values that are typically used. 

Falling Weight Deflectometer 

Pavetech, Inc., of Redmond, Washington, was contracted to 
perform deflection measurements using the KU AB FWD (6, 7). 

Subgrade Subgrade 
Material Soil data 

ML - clayey silt LL= 49 
Pl = 16 
Max Dry Density = 79.5 pcf 
Opt M.C. = 36.6% 

ML - clayey silt LL= 45 
Pl = 14 
Max Dry Density 92 pcf 
Opt M.C. = 27.4% 

SM - silty sand LL= 54 
Pl = 6 
Max Dry Density = 74 pcf 
Opt M.C. = 40.8% 

ML - clayey silt LL= 46 
Pl = 13 
Max Dry Density = 87.1 pcf 
Opt M.C. = P.4% 

ML - clayey silt LL = 43 
Pl = 7 
Max Dry Density = 82.1 pcf 
Opt M.C. = 30.8% 

This device is trailer-mounted and is towed by a standard-size 
automobile. The impulse force is created by dropping a set of 
two weights from different heights. The load at the pavement 
surface was varied from 4,900 to 11,300 lbs by varying the drop 
height. The two-mass system was used to create a smooth load 
pulse similar to that created by a moving wheel load (6, 7). 
Surface deflections were measured with four seismic transducers, 
or seismometers, that were lowered automatically with the 
loading plate. Because the FWD could apply a load of 
magnitude equal to that produced by a loaded truck, there was 
no need to correct the determined in situ moduli for stress 
sensitivity. Care was taken for all three devices to ensure the 
proper seating of the sensors on the gravel surface by adjusting 
the final contact manually. 

Deflection Results 

The deflection values that were obtained for four of the five sites 
in November 1984 using the Dynaflect and Road Rater are 
summarized in Table 2. Eleven measurements were taken for 
each site, as shown in Figure I. The average deflection value for 
each sensor is shown together with the standard deviation. The 
average value for each sensor was used as the input in the 
back-calculation process. 

The FWD measurements that were obtained in October 1985 
are shown in Table 3. Two load values were applied at each of 
the 11 deflection points on each site. Two deflection values for 
each load level were recorded for every sensor and the average 
was taken. The average deflection value for each sensor for the 
two load levels of 4,800 and 11,200 lbs was then computed. 
From these averages, a deflection value was obtained by linear 
interpolation that corresponded to a 9,000-lb load level. The 
deflection at the 9,000-\b load level was used as the input in the 
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TABLE2 DEFLECTION MEASUREMENTS TAKEN IN NOVEMBER 1984 

Rock Dynaflect Deflections, mils 
No. of Depth 

Site Name Measurements (in) Sensor No. (spacing = 12") 

I 2 
Mark's What II 8.00 Avg. 2.61 1.10 

s.d. 0.44 0.35 

Powell's II 8.95 Avg. 3.17 1.27 
Potholes s.d. 0.37 0.37 

Frosty 
Rock pile No data taken in November 1984 - Site snowed out 

I 2 
Steep back II 6.00 Avg. 2.74 1.36 

s.d. 0.33 0.19 

Shaddy Dell II 9.86 Avg. 3.23 1.50 
s.d. 0.52 0.20 

Deflection Rock Depth Deflection 
Test No. (inches) Test Location 

11 6 It 

10 6 
10 ft spacing 

9 7 It 

8 7 It 
Resistivity 

7 8 It Cel I Location 

6 12.5 --o 
Location of 

5 11 It Recorder 

4 11 It 

3 11 It 

2 10 It 

8 It 

..... 1a ft 

FIGURE l Typical site plan for deflection 
measurement in road 1802-64. 

back-calculation procedures. The value of 9,000 lbs was based 
on the wheel load of the standard 18,000-lb axle that is 
commonly used in the United States. 

LABORATORY STUDY 

Pavement aggregate surfacing materials and subgrade soils 
were taken from each site and used in a series of laboratory 
tests . The tests on soils included such classification tests as 
gradation and Atterberg Limits tests (Table 1). The maximum 
dry density and optimum moisture content were also determined 
for each soil type in accordance with AASHTO-T-99 (8). The 
maximum dry density and optimum moisture of aggregate 
surfacing material were determined in accordance with 
AASHTO-T-99 method C. The gradation and Atterberg limits 
of aggregate samples were also determined. 

Road Rater Deflection, mils 

Sensor No. (spacing = 12") 

3 4 5 6 I 2 3 4 
0.63 0.30 0.16 0.09 4.19 2.20 1.04 0.52 
0. 19 1.07 . 0.04 0,02 2.05 0.54 0.40 0.06 

0.80 0.47 0.29 0.18 4.69 2.40 0.96 0.55 
1.32 0.20 0.14 0.08 0.74 0.99 0.2·1 0. 11 

3 4 5 6 I 2 3 4 
0.85 0.55 0.36 0.23 4.25 1.72 1.05 0.85 
0. 11 0.86 0.05 0.05 I.II 0.58 0.49 0.82 

0.76 0.42 0.22 0.09 4.58 2.09 1.39 0.72 
0.10 0.07 0.05 0.07 I.II 0.64 0.48 0.28 

Resilient Modulus Tests 

The resilient moduli for each soil were determined at various 
densities, water contents, and stress states to represent a range 
of in-service conditions. The test procedure was developed by 
the Willamette National Forest and is similar to AASHTO T 
274-82 (8, 9). The two tests primarily differed in the conditioning 
phase and in the stress sequence applied. 

Samples were prepared at the combinations of density and 
moisture contents shown in Figure 2 to obtain the moduli at 
different densities and moisture contents. The densities selected 
were 90 percent, 95 percent, and 100 percent of maximum dry 
density. Three of the five tests were conducted at the optimum 
water content. The remaining two tests were conducted above 
and below the optimum water content, as shown in Figure 2. 

Samples were first prepared by adjusting the water content of 
the soil to the test value. The samples were then compacted into 
a triaxial test mold that was 8 in high and 4 in in diameter. The 
compaction was achieved in six lifts of equal height and weight 
using the standard 5.5-lb hammer and a 12-in drop (AASHTO 
T-99) . After the sample was placed in the modulus test 
apparatus, it was subjected to load conditioning to reduce the 
effect of imperfect contact between the end platens, and to 
orient the soil particles in such a way that the strains measured 
were primarily due to elastic deformation. This consisted of 
maintaining a constant confining stress of 6 psi and applying 
increasing deviator stresses of 2, 4, 6, IO, 14, and 18 psi for 200 
load repetitions (with a frequency of 1 Hz) at each stress level. If 
at any time the permanent deformation during conditioning 
exceeded O. IO in, the test was discontinued at that stress level 
because the strain value was out of the linear range of the 
LVDTs. 

After the conditioning phase was completed, the modulus 
testing began with a confining pressure of 6 psi. A range of 
deviator stresses (2, 4, 6, 10, 14, and 18 psi) was applied and the 
elastic strain was measured after 100 repetitions at each stress 
level. Successively lower confining pressures of 3 and 0 psi were 
then used. This range of test stress levels was determined by 
using the linear elastic computer program ELSYM5 and was 
considered representative of the stress state at the top of the 
subgrade for typical forest service roads. Undisturbed samples 
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TABLE 3 FWD DEFLECTION MEASUREMENTS TAKEN IN OCTOBER 
1985 (NORMALIZED TO 9,000 LB) 

No. of 
Site Name Measurements 

Mark's What II 

Powell's II 
Potholes 

Frosty II 
Rockpile 

Steep back II 

Shaddy Dell II 

>-
·;;; 100% 
c: 
Q) 

Cl 

Q) 95% 
> 

0 

~ 90% a:: 

wd wo ww 
Water Content 

FIGURE 2 Moisture-density oftest points. 

were obtained using Shelby tubes that were 4 in in diameter. 
These samples were trimmed to an 8-in height, conditioned, and 
tested in the same manner as disturbed samples. The results are 
shown in Table 4. 

Samples of the granular materials were prepared by com
pacting at two different values of moisture content and dry 
density. The samples were comp.acted into a triaxial test mold 
that was 12 in high and 6 in in diameter. The compaction was 
achieved in seven lifts of equal height and weight by use of a 
vibratory air hammer. The weight of the lifts was determined in 
such a way that the total density and known water content 
would yield a dry density that would be 95 percent or higher of 
AAS HTO-T-99 maximum dry density as previously determined 
for the material. The prepared sample was then conditioned by 
applying a series of confining stresses of 5, I 0, 15, and 20 psi. At 
each confining stress level, an equal amount of deviator stress 
was applied for 200 repetitions. After conditioning, the sample 
was tested at the same four confining stress levels. At each 

Deflection , mils 
Sensor No. (spacing - 11.8") 

Avg. 
s.d . 

Avg. 
s.d. 

Avg. 
s.d. 

Avg. 
s.d. 

Avg. 
s.d. 

I 2 3 4 
23.3 8.9 3,9 2.0 

2.3 1.4 0.9 0.3 

36.7 12.7 4.3 2.4 
5.3 1.8 1.6 0.9 

22.3 11.5 6.3 3.2 
4.1 2.1 0.8 0.4 

27.7 7.6 4.0 2.5 
3.3 1.5 0.5 0.2 

21.1 10.6 4.9 2.5 
3.3 1.8 0.4 0.3 

confining stress level, a number of deviator stresses were 
applied in such a way that the ratio of deviator stress to 
confining stress was greater than or equal to one. 

EVALUATION OF NONDESTRUCTIVE TESTING 
METHODS 

BISDEF 

The BISDEF computer program was developed by the U.S. 
Army Corps of Engineers, Waterways Experiment Station (3, 
4) . It uses the deflection basin from NOT results to predict the 
elastic moduli of up to four pavement layers . This is ac
complished by matching the calculated deflection basin to the 
measured deflection basin. 

The basic assumption of this method is that dynamic 
deflections correspond to those predicted from the layered 
elastic theory. The procedure was initially calibrated using data 
from the Model 2008 Road Rater. It was observed that there 
was good agreement between computed and measured deflec
tions when a rigid layer 240 in below the surface of the pavement 
was assumed. The effect of the static load applied to the 
pavement as a preload was also investigated and it was found 
that in terms of its use in computer modeling this effect was 
practically negligible for most comparisons. 

The basic inputs used to determine the layer moduli included 
initial estimates of the elastic layer pavement characteristics and 
deflection basin values. The inputs for each layer included the 
thickness of each layer, the range of the allowable modulus, the 
initial estimate of the modulus, and Poisson's ratio. The 
required inputs for the deflection basin were the deflections at a 
number of sensor locations, and a maximum acceptable error in 
deflection matching. The modulus of any layer can be assigned 
or computed. If it is assigned, the value is based on the type of 
material or the properties of the material at the time of testing. 
The number of layers with unknown modulus values cannot 
exceed the number of measured deflections. The best results are 
obtained when the moduli of not more than three layers are to 
be calculated ( 4). 
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TABLE 4 LABORATORY SUBGRADE MODULI 

Soil Moisture Dry 
Site Type Laboratory Moduli 

2• 
Content Densityb 

Name (USCS) (psi) R (%) lb / ft 3 

Mark's What Undisturbed MR - 19,601ud-0.467 0.99 42.0 78.5 
ML 

Remolded MR = 9,054ud-0. 291 0.99 41.0 79.5 

Powell's Undisturbed MR = 14,4050" d -0.338 0.96 32.6 87.7 
Potholes ML 

Remolded MR = 4,250ud-O.Jl2 l.00 31.3 87.4 

Frosty Undisturbed MR = 7, l 85u d -0. !3 I 0.74 52.0 66.6 
SMu Rock pile 

Remolded MR= 3,542ud-O.Ol 2 0.98 45.4 71.0 

Steep back Undisturbed MR = 35,362u /l.344 0.93 30.4 88.0 
ML 

Rcmolded MR = 19,26lud-O.S06 0.98 3 l.7 87.l 

Shaddy Undisturbed MR = 30,525u d-0.604 0.98 32.5 85. l 
Dell ML 

Remolded MR = 25, 762u d-0.436 0.98 30.8 82. I 

• R 2 = correlation coefficient 
b I lb/ft 3 = 16.0l kg / m 3 

The program is solved by using an iterative process that 
provides the best fit between measured deflection and computed 
deflection basins. This is accomplished by determining the set of 
moduli that minimizes the error sum between the computed 
deflection and measured deflections. The BISDEF program 
uses the BISAR subroutine for stress and deflection computa
tions, and is capable of handling multiple wheel loads and 
variable interface friction (10). CHEVDEF, also developed at 
the Waterways Experiment Station, uses the Chevron elastic 
layer program and can only handle single wheel loads (I 1). The 
two procedures produce identical results for single loading 
cases (e.g., the Falling Weight Deflectometer). 

MODCOMP2 

The MODCOMP2 program was developed by Irwin of Cornell 
University (5). The program specifications include the following: 

• Up to eight layers can be included in the pavement system. 
• The layer combinations may be linear elastic or nonlinear 

stress-dependent. 
• It is capable of accepting data from several typical NDT 

devices (e.g. , FWD, Road Rater, and Dynaflect). 
• It is capable of accepting up to six load levels. 

The MODCOMP2 program utilizes the Chevron elastic layer 
computer program for determining the stresses, strains, and 
deflections in the pavement system. As in BISDEF and 
CHEVDEF programs, there is no closed-form solution for 
determining layer moduli from surface deflection data. An 
iterative approach is therefore used that requires an input of 
initial or estimated moduli for each layer. The basic iterative 
process is repeated for each layer until the agreement between 
the calculated and measured deflection is within the specified 
tolerance or until the maximum number of iterations has been 
reached. 

Because untreated base course and subgrade materials behave 
as nonlinear materials, the resilient modulus of such materials 
can be expressed by the following equation, M, = K

1
6K2 where 

(}is bulk stress and K 1 and K 2 are constants. The program has 
the added capability to derive the K 1 and K2 parameters when 
they are unknown for a given layer. In such cases, the user must 
provide deflection basin data for at least three different load 
levels. The program can accept data for up to six different load 
levels. 

RESULTS 

The results of the moduli determination in the laboratory using 
the resilient triaxial test apparatus are shown in Table 4. The 
modulus of the subgrade soil is shown for each site using both 
undisturbed and remolded samples. The relationship for the 
resilient moduli and deviator stress was obtained by regression 
analysis of moduli values obtained at different values of 
deviator stress. Good correlations were apparent between the 
resilient moduli and deviator stress (0. 74 < R 2 < 1.00) for all 
five test sites. The value of moisture content and dry density for 
the sam pie tested and the uses classification are also shown in 
Table 4. It can be seen that there is a great deal of variation in 
the values of resilient moduli obtained for the same soil type. 
There are also significantly large differences between the 
undisturbed and remolded sample moduli for all five sites. The 
remolded subgrade samples showed lower values of moduli 
when compared with the undisturbed samples. This is probably 
due to the effect of compaction on the structure of the soil, 
because the remolded soil had a dispersed structure that was less 
able to withstand stress without permanent deformation. 

The results of laboratory moduli for the granular pavement 
material are shown in Table 5. The relationships were obtained 
through regression analysis and are between the resilient 
moduli and the bulk stress. The values of initial dry density and 
moisture content of the samples used in the test are also shown 
in Table 5. 
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TABLES GRANULAR SURFACING MODULI 

Site Name Laboratory Moduli 

Mark 's What MR 26468 ·594 

Powell's Potholes MR 12588·799 

Fosty crushed 

Rockpile rock MR 71988·55 I 
surfacing 

pit run 
48768 ·535 base MR = 

Steep back MR 29118 ·68 

Shaddy Dell MR 16438 ·75 

The results of the back-calculated moduli are shown in 
Table 6 for all three deflection devices used. The values of 
laboratory-determined moduli for the subgrade and granular 
materials are also shown in Table 6. The values of stress at 
which the moduli values were evaluated are also shown. The 
value of the bulk stress (8) at the midpoint of the granular layer 
was determined using the EL YS M5 program. A linear triangular 
vertical stress distribution was assumed for the subgrade soil, 
and the vertical stress at the centroid of this area was used as the 
deviator stress value. The corresponding values for moisture 
and density at these values are shown in Tables 4 and 5. 

DISCUSSION OF RESULTS 

The moisture content and dry density values shown in Table 4 
were close to the in situ moisture content and density of the soil 
at the time of deflection measurements . However, the in situ 
moisture and density data were not obtained for the granular 
materials and, as a result, no comparison is made between the 

(psi) R2 Density (pct) Moisture (%) 

.99 120 9.0 

.98 132 6.9 

.92 131 8.7 

.89 109 14.9 

.99 127.2 4.8 

.98 130.8 5.3 

laboratory values in Table 5 and the in situ values. The 
following discussion compares the back-calculated moduli 
from each deflection device with laboratory-determined values. 

FWD Deflection 

It is shown in Table 6 that the back-calculated moduli of the 
subgrade using the MODCOM P2 program are almost identical 
to the laboratory-determined moduli from the undisturbed 
samples. The maximum percentage difference between the 
back-calculated and laboratory-determined values is 20 percent; 
between the three sites it is less than I 0 percent. The back
calculated moduli for the subgrade using the BISDEF program 
are slightly lower than the laboratory-determined moduli. 
These values, however, are not very diff~rent from those 
determined with the MODCOMP2 program. 

The laboratory subgrade moduli from remolded samples for 
all five sites are much lower than values predicted by either 
program. These values are also considerably lower than values 

TABLE 6 COMPARISON OF BACK-CALCULATED AND LABORATORY MODULI 

Back-calculated Moduli (psi) Laboratory Moduli 

FWD Road Rater Dynafieol 
Denections Deflections DeOections Remold ed Samples Undisturbed Samples 

Layer Type 
and Thickness BIS DEF MODCOMP2 BISDEF MODCOMP2 BISDEF MODCOMP2 MR (psi) 0 or ud (psj) MR (psi) 0 or u d (p>i) -
Ma rk's Whal 

Pavemenl 17,633 16, 123 70,875 68,589 1,000 1 329,942 38,318 90 n/ a n /a 
Subgrade 12,712 15 ,745 10,929 12,499 4,016 16,540 6,181 2.66 12,412 2.66 

Powell's Pothole 
Pavemenl 15,974 15,988 24,006 20,764 1,093 1 245,680 49,851 JOO n/a n/a 
Subgrade 8,100 9.530 10,184 12,605 4.902 13,701 3,217 2.44 10,190 2.44 

Frosty Rockpile 
Pavement 69,392 89,304 80,500 80 n/a n/a 
Base 49,811 24,34 7 no data no data no data no data 43,588 60 n/ a n / a 
Subgrade 7,022 16,122 3,575 2.20 17,048 2.20 

Steepback 
78,385 1 13 ,220 1 Pavement 37. 116 34.409 55,853 481,569 64,861 96 n/ a n , a 

Subgrade 23,355 25 ,003 15.217 17,563 9,310 14,259 11 ,419 2.81 24,784 2.81 

Shaddy Dell 
31,873 1 28 , 130 I Pavement 72,945 65,936 44,954 274,771 56,262 Ill n / a n 1 a 

Subgrade 14,845 15,564 14,138 13,880 9,834 9,998 18,489 2. 14 19,179 2. 14 

I Denection matching tolerance greater than 10% 
n/ a Not applicable 
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obtained from undisturbed samples. This implies that remolding 
might have affected the soil structure and made it Jess able to 
withstand stress without permanent deformation. 

The back-calculated moduli for granular materials are lower 
than the laboratory-determined moduli for four of the five sites. 
This is possibly due to the fact that the density values are higher 
in the laboratory samples than for the in situ pavement 
materials. 

Road Rater Deflection 

The subgrade moduli that were predicted by the BIS DEF and 
MODCOM P2 programs are close to the laboratory-determined 
values only on the first two sites, Mark's What and Powell 's 
Potholes . The remaining subgrade moduli that were predicted 
by the two programs are significantly different from the 
laboratory results. It should be noted that not much variability 
exists between the subgrade moduli values predicted by the two 
programs. This probably means that the predicted values are 
within the range of the in situ moduli value. 

The predicted granular material moduli are significantly 
different from the laboratory-determined values for both 
programs. This is probably due to the difference between the 
density and moisture values of the in situ materials and the 
laboratory samples. 

Dynaflect Deflections 

The subgrade moduli that were predicted by the BISDEF 
program are significantly lower than the laboratory-determined 
values. The granular layer moduli that were predicted by the 
BISDEF program are much lower than the laboratory
determined values. It can be easily concluded that the BISDEF 
program is not able to predict the subgrade moduli from 
Dynaflect deflections. On the other hand, the subgrade moduli 
that were predicted by the MODCOMP2 program are within 
the same order of magnitude. • 

The granular layer moduli that were predicted by the 
BISDEF program were low, whereas those predicted by the 
M ODCO M P2 program were high when compared to laboratory 
values. The values are also significantly different between the 
two programs. This shows that the capability of these programs 
is severely limited when it comes to the prediction of moduli 
from Dynaflect deflection . 

CONCLUSIONS 

It has been shown that a possibility exists for determining 
structural properties of low-volume, aggregate-surfaced roads 
using nondestructive testing methods. Two computer programs 
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and three deflection measuring devices were evaluated to assess 
their ability to perform this function. The evaluations revealed 
the following: 

• The BIS DEF computer program gave reasonable predic
tions for subgrade moduli using FWD and Road Rater 
deflections. 

• The subgrade moduli values predicted by the 
MODCOMP2 program from FWD deflection data are almost 
identical to laboratory-determined moduli using undisturbed 
samples. 

• Both the BISDEF and MODCOMP2 programs tended 
to underpredict the moduli of the granular pavement layer from 
FWD deflections. 

• Both programs were unable to give reasonable values of 
the granular layer moduli using either the Road Rater or 
Dynaflect deflections. 

• There was a substantial difference between the laboratory
determined moduli of undisturbed and remolded samples. 
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The Implementation of Appropriate 
Technology in the Design of Light Pavement 
Structures 
A. T. VISSER AND T. VAN NIEKERK 

Many unpaved roads in developing areas carry light traffic 
volumes of less than 400 vehicles per day. Paving these roads 
according to normal designs and with traditional materials is 
not economically justified. Lighter pavement structures that 
result in lower construction costs are consequently used. Local 
materials are used in the construction of lighter pavement 
structures. For example, available natural materials that do not 
necessarily meet traditional specifications are used in the 
pavement layers, which may only consist of a sub base, base, and 
surface seal. This approach has had wide-ranging success in 
southern Africa. In the drier parts of the country, which are 
identified by a Weinert N-value of greater than 5, calcretes with 
relaxed California Bearing Ratio, plasticity index, grading 
requirements, and aggregate strength requirements have 
performed well in two-layer pavements. Dolerite natural gravels 
that comply with traditional specifications have performed well 
in this area, but they performed unsatisfactorily when they 
complied with traditional specifications in the wet area, in 
which the N-value was less than 5. Tillites also perform 
acceptably when certain requirements are relaxed. It is therefore 
evident that the interaction of material type and climate plays 
an important role, and the relaxation of material requirements 
should only be considered in cases in which sufficient evidence 
of adequate performance exists. Factors such as construction 
quality control, control of overloading, and particularly main
tenance are beyond the control of the designer, but could have 
important repercussions on the performance of lighter pavement 
structures. In developing areas in which road authorities may 
not be able to handle the maintenance work load generated by 
lighter pavements, or may not be in a position to handle local 
reconstruction, lighter pavement structures may nut be a 
feasible solution. Funding agencies could, however, play an 
important role in minimizing the total costs incurred by the 
authority and road users by including funds for periodic and 
special maintenance in a loan agreement. 

The view is often expressed that to stimulate agriculture, 
industry, and tourism, a high priority should be given to the 
development of a good , paved road network that provides 
access to all the corners of a country or region. Although South 
Africa has a well-developed, paved rural road network of about 
49 800 km, 134 000 km, or 73 percent of the network, is 
unpaved (J). These unpaved roads have certain inherent 
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problems; road users dislike the dust, the riding quality is often 
poor, problematic materials can render the roads impassable, 
and regular regravelling depletes scarce natural resources. In 
addition to these problems, the annual expenditure on the 
unpaved network is the same as that on the paved network, 
although about 95 percent of the unpaved network carries less 
than 200 vehicles per day (vpd). The inherent problems of the 
unpaved roads would be overcome if they were paved . However, 
because these roads carry relatively low traffic volumes, 
traditional pavement designs cannot be economically justified 
(2). Consequently, lighter pavement structures are often used to 
justify paving. 

Lighter pavement structures may have layers that are less 
thick than those used in traditional designs, materials with 
qualities that are outside normal specifications, unconventional 
surfacing types, or a combination thereof. The use of lighter 
structures also implies that local materials will be made use of, 
such as natural gravels and soils that have undergone little or no 
processing in the form of crushing or stabilization. The use of 
natural materials instead of the relatively expensive processed 
materials_is considered to be an appropriate technology in 
developing areas. 

When lighter pavement structures are used, it is understood 
that the level of service will be lower than that expected for 
traditional designs. Furthermore, lighter pavement structures 
cost less to construct, which makes their use attractive, but the 
consequences can be grave if· they are used injudiciously. If 
proper care is not taken, an increase in local reconstruction and 
increased maintenance and road user costs are likely to result in 
a total cost that approaches or exceeds that of traditional 
pavement designs. 

Although a number of papers have been written that promote 
the relaxation of specifications applicable to certain materials, 
the exact circumstances under which pavements that contain 
such materials can function are poorly defined. In light of the 
fact that the suggested techniques cannot be generally applied, 
this poses a problem. In South Africa wide experience has been 
gained in the use oflighter pavement structures. The material in 
this paper is intended to update the paper that was presented at 
the Third Conference on Low-Volume Roads, and contains 
guidelines for the use of lighter pavements (3) . A review of the 
available information on the use of lighter pavement structures 
in South Africa is given to compare appropriate designs and 
materials with traditional designs and specifications. Problems 
have been encountered in certain areas with materials that 
comply with traditional specifications. The identification and 
implications of tiJese materials and zones are discussed against 
the background of possible relaxation of material specifications. 
Finally, guidelines for the use of lighter pavement structures in 
developing areas are given. 
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CLIMATIC CONSIDERATIONS 

The influence of climate on the quality of natural road building 
materials and on the performance of roads is well-known. 
Annual rainfall is typically used as a measure of climate, but the 
moisture index according to Thornthwaite's classification is 
also used in some cases. 

During investigations that were conducted in the early 1960s 
into the durability of weathered basic igneous rocks, Karoo 
dolerite in particular, it was found that neither annual rainfall 
nor Thornthwaite's moisture index could be used to discriminate 
between the areas in which good or poor performance was 
experienced. Weinert found th:i_t the relationship between the 
computed evaporation, E1, during January, the warmest month 
of the year, to the mean annual rainfall , Pa• best discriminated 
the durability of natural road building materials (4-6). 

N = 

The N variable is known as the Weinert N-value. The climatic 
regions of southern Africa are classified according to Weinert 
N-values in Figure l(a), and the Thornthwaite classification is 
given in Figure l(b) to enable comparison between the two. 

The three N-values of 2, 5, and IO are important in road 
construction, but the value of 5 is the most important. The 
principal forms of weathering are decomposition and dis
integration. Decomposition is generally more detrimental in 
regard to the quality and durability of natural road building 
materials. In areas in which N is less than 5, many rocks 
decompose, especially the crystalline types. In areas in which N 
is greater than 5, weathering is by disintegration. Furthermore, 
in an area in which N is less than 5, special treatment of 
subsurface drainage may be warranted. 

CLASSIFICATION OF ROCK TYPES USED IN ROAD 
CONSTRUCTION 

In South Africa rocks are classified according to their road 
construction properties (5). This system facilitates the identi
fication of materials, and obviates the need to differentiate 
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FIGURE I Climatic regions of southern Africa. 
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between materials within a class, such as between diabase, 
dolerite, gabbro, or norite . Because the road construction 
properties form the basis of this grouping, deviations from the 
traditional generic classification of rocks are unavoidable. The 
classification system is composed of nine groups of rocks as 
follows (5). 

• Basic crystalline rocks (dolerite, andesite, and basalt); 
• Acid crystalline rocks (granite and gneiss); 
• High silica rocks (quartzite, hornfels, and chert); 
• Arenaceous rocks (sandstone and conglomerate); 
• Argillaceous rocks (mudstone, shale, and slate); 
• Carbonate rocks (limestone and dolomite); 
• Diamictites (tillite); 
• Metalliferous rocks (ironstone); and 
• Pedogenic materials (calcrete, laterite, and ferricrete) . 

Each group of materials has a characteristic range of properties 
and problems, and specifications should take this into account. 
The case studies described in the following sections will 
consequently consider materials according to the above clas
sification. 

TRADITIONAL MATERIAL SPECIFICATIONS 

The AASHTO Ml47-65 and the TRH14 are good examples of 
traditional specifications (6) . The essential difference between 
the two specifications is that TRH 14 requires a California 
Bearing Ratio (CBR) test, which makes it more suitable for 
local materials. The TRH 14 specifications for untreated ma
terials that are used in roads that carry up to 0.8 million E80s 
(equivalent 80 kN axle loads) are briefly summarized in 
Table I. The different materials are classified as follows: 

• G2 and G3-graded crushed stone with soil binder, 
• G4 to G6-natural gravel, and 
• G7 to G 10-gravelly soil. 

The feasibility of using materials that do not comply with these 
· traditional specification ranges will also be considered in the 
evaluation of lighter pavement structures. 

bl MOISTURE INDEX 11 m I ACCOROiNG TO THORNTHWAITE s CLASSIFICATION 
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TABLE 1 SUMMARY OF TRH14 SPECIFICATIONS FOR UNTREATED MATERIALS (6) 

Material Classification 

G2 G3 G4 G5 G6 G7 G8 G9 GIO 

Percent passing 0.075 mm sieve 5-12 5-12 5-15 
Liquid limit (maximum) 25 25 25 30 
Plasticity index (maximum) 6 6 6 10 
Percentage of linear shrinkage (maximum) 3 3 3 5 
10% FACT (minimum) (kN) 11ob 
Minimum CBR (%) 
At 98% Mod. AASHTO 80 80 80 
At 95% Mod. AASHTO 45c 
At 93% Mod. AASHTO 25 15 
At in situ density IO 7 3 

a For coarse materials: maximum PI = 3, grading modulus + 10. 
b For calcretes minimum should be 80 kN. Ratio of 10% FACT on material soaked for 24 hours to dry material should be at least 75 percent. 
c In dry areas, N > IO; the soaked CBR should not be less than 25 for roads that carry less than 300 vpd. 

EXPERIENCE WITH LIGHTER PAVEMENT 
STRUCTURES 

Dust Palliafrves 

Dust palliatives are chemical or bituminous agents that are 
mixed into the upper part of a gravel surfacing, or are sprayed 
onto the surface, that penetrate and bind the upper portion of 
the surfacing. The suppliers of dust palliatives provide materials 
for a range of applications, but unfortunately a scant record is 
kept of construction details and performance. These materials 
are often reputed to perform well, but proof of their cost
effectiveness is lacking. The results of two well-documented 
experiments were reported at the Third International Conference 
on Low-Volume Roads, and it was concluded that under the 
conditions evaluated, dust palliatives were not cost-effective 
(3). 

The light pavement structure manual of the Transvaal Roads 
Department indica.ted that better performance was achieved 
when the dust paiiiatives were sprayed onto the surfacing as 
opposed to being mixed into the surfacing (7). It was also 
reported that when dust palliatives are used, the pavement 
materials should have an adequate bearing capacity for the 
expected traffic. The manual also states that although light 
pavements are designed for a given traffic load during the 
design period, experience regarding their performance is insuf
ficient, and these roads should consequently be considered 
experimental sections. This basically reflects the state of the art 
of dust palliatives in South Africa. It is recommended that 
before dust palliative materials are used on a network-wide 
scale, short experimental sections should be built to determine 
the application rates and the consequent life of the material. 
The expected life of the material is particularly important in an 
economic evaluation. In addition, a comparative analysis of 
bituminous seals is essential before a program to apply dust 
palliative agents on any scale is started. 

Lighter Pavement Structures With Surface Treatments 

Pedocretes 

Calcretes are probably the most widely used road construction 
materials in southern Africa. A calcrete can be regarded as a 

material that is formed by the in situ cementation or replacement 
of almost any pre-existing soil by calcium carbonate, which is 
deposited from the soil water. In southern Africa calcretes that 
can be used in road construction are mostly found in areas in 
which the Weinert N-value is greater than 5. 

Spottiswoode and Graham used calcretes that did not 
comply with the traditional specifications in the construction of 
a 65-km private road near Kleinzee on the west coast (8). Before 
the road was constructed in June 1980 it carried 50 vpd, 30 
percent of which were heavy vehicles. After construction was 
completed, the traffic was 100 vpd, about 10 percent of which 
were heavy vehicles. The new pavement layers were placed on 
an existing poor gravel road, which was on low fill on Kalahari 
sands . The road was designed to carry 50 000 E80s over a 15-yr 
design life, and the construction was as follows: 

Surfacing 
• 13-mm and 6-mm double seal 

Base 
• 100 to 125 mm 
• Pl of 12 to 20 
• Minimum soaked CBR at 98 percent 
• Mod.AASHTO specified as 60 but as constructed ranged 

from 70 to 96 
• Grading modulus 2.1 to 2.5 

Sub base 
• 125 mm 
• Maximum Pl of 20 specified 
• Minimum soaked CBR at 95 percent 
• Mod.AASHTO specified as 20 

In 1986 the road was performing well and it had an average 
riding quality of 3.2 PSI (27 QI) . Only isolated areas required 
any maintenance, and a minimum riding quality of 2.2 PSI 
(48 QI) over 100-m lengths was measured. 

Sea water was used for compaction in the absence of fresh 
water. Care was taken to seal the road as quickly as possible 
after compaction, in accordance with available guidelines, and 
few problems were encountered (9). A 6-m-wide surface and 
1-m gravel shoulders were found to be more cost-effective in 
this situation than a 3-m-wide surfacing and 2.5-m gravel 
shoulders. The option of retaining the 8-m gravel road was also 
less cost-effective when construction and maintenance costs 
over a 15-yr analysis period were considered. 
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Overby reported the results of an experiment in northwestern 
Botswana, in which a road that consisted of a Kalahari-sand 
subbase of 100 mm, a 150-mm base that was composed of 
calcified sand and powder calcrete, and a graded gravel seal 
carried 35 200 E80s during a 9-month accelerated testing 
program (10). At the end of the test no distress was apparent 
and the road performed excellently. As a result of this 
experiment, the 4S-km Sehitwe-Tsau road was constructed with 
materials that did not comply with traditional specifications. As 
a result of the experience gained in Botswana between 1974 and 
1981, and the work performed by the Transport and Road 
Research Laboratory, appropriate specifications for calcretes 
were incorporated in the 1982 Botswana Roads Manual (I 1-
13). These specifications are provided in Table 2. 

It was found that the relaxation of certain aspects of the 
traditional material specifications was appropriate for calcretes. 
This finding is in accordance with the suggested materials 
standards proposed by Netterberg (14). These standards were 
derived after an extensive study of the performance of calcrete 
roads in southern Africa. The standards for calcrete bases 
shown in Table 3 cover a wider range of traffic volumes than 
those established by the studies mentioned earlier. Furthermore, 
the lightest traffic category base specification could be used for 
the sub base with the LL, PI, and LS requirements relaxed to SS, 
20, and 10, respectively, and the CBR and density could be 
relaxed to those usually required for subbases. 

Although a one-layer pavement could be feasible under 
certain conditions, it may not always be practical. A total of 423 
km of road with a calcrete base that was stabilized with S 
percent portland cement and double surface treatments was 
constructed between l 96S and 1970 in the western Transvaal 
(15). A one-layer pavement that consisted of a 12S-mm base on 
the existing gravel road was initially used. The in situ gravel was 
later ripped and recompacted to a depth of I SO mm, and the 
imported base was constructed thereafter. Because the pro
duction rate was higher, the two-layer construction was more 
expensive than the one-layer construction. These roads per
formed well; by 1977 they had carried between 20 000 and 
2SO 000 E80s. The original estimated structural capacity varied 
between SO 000 and SOO 000 E80s, depending on the underlying 
materials . 

Laterites or ferricretes have been extensively used in the 
Transvaal and the Cape Province regions, but so far little has 
been published in this regard. Judging by the specifications 
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developed by the LNEC in Angola and Mozambique, or those 
used by the Brazilian National Highway Department, Iaterite 
materials that do not comply with traditional specifications can 
be used (16, 17). Utiyama et al. have successfully used fine
grained lateritic soils, up to 99 percent of which passed the 0.42S 
mm sieve, but which also had high bearing capacities (18). 

The available evidence indicates that calcretes and laterites 
that did not comply with traditional material specifications 
performed adequately in lightly trafficked roads, and the 
applicable standards should therefore be relaxed. 

Diamictites 

Paige-Green conducted an extensive investigation into the 
performance of roads in South Africa that were constructed 
with tillites (19). Tillite is a glacially derived material that is 
formed when the substratum is eroded by the movement of 
glaciers and ice sheets. This material is then transported by the 
moving ice and deposited beneath the ice masses and in 
adjoining seas. The material is therefore highly variable. As a 
result of this research, interim specifications were proposed for 
tillite and are shown in Table 4. It has again been found that the 
traditional specifications could be relaxed, particularly on 
roads with light traffic. Particular care must be taken when the 
material contains more than 30 percent of potentially de
composing constituents (rocks greater than SO mm) and if the 
Weinert N-value is less than S. 

General 

In 1977 a colloquium on lightly trafficked roads was held in 
Pretoria in which rural road authorities from southern Africa 
participated (20). Available specifications and expertise were 
pooled, and the specifications given in Table S were accepted. 
The lower traffic volume category only applies to up to 45 heavy 
vehicles per day. The higher traffic volume category should be 
used for higher numbers of heavy vehicles. Although these 
specifications allow for the use of a lower-quality material than 
is traditionally specified, some of the case studies presented 
showed acceptable performance with materials of a lower 
quality. However, in other cases (tillites) the specifications can 
only be relaxed in certain respects. It is therefore clear that 

TABLE 2 BOTSWANA 1982 PAVEMENT LAYER REQUIREMENTS FOR CALCRETES (13) 

Property 

Maximum size 
Minimum GM 
Maximum percentage < 0.425 mm 

Maximum LL 
Maximum PI 
Maximum LS x (< 0.425 mm) 

Minimum soaked 10% FACT 

Minimum CBR 
at minimum 
field density 

< I 00,000 E80 

Base course 

75 mm 
I.I 
80 

25 
600 

50 
at 
98 % 

Sub base 

20 

25 
at 
95 % 

< 200,000 E80 

Base course 

53 mm 
1.5 

55 

40 
15 
320 

50 % 

60 
at 
98 % 

Sub base 

I.I 

20 

25 
at 
95 % 



TABLE 3 S UGGESTED INTERIM AS-BUILT MATERIALS STANDARDS FOR BITUMEN-SURFACED 
CALCRETE GRAVEL OR CRUSHED NATURAL GRAVEL CALCRETE BASES (14) 

Expected Traffic Category, vpd, < 207. > 3 tonnes 

Property 

< 500 500-1000 1000-2000 2000-50001 

Max. size, nun 19-38 38-53 38-53 38-53 

Min. Grading Modulus 11 1,5 1,5 1,5 

Percentage passing 0,425 nun by mass 15-55 15-55 15-55 15-55 

Max. Liquid Limit (7.) 40 35 30 25 

Max . Plasticity Index (7.) 15 12 10 8 

Max. Bar Linear Shrinkage (7.) 6,0 4,0 3,0 3,0 

Max. Saturated Paste Electric. 

Conductivity~. S/m 25 °c 0,1 5 0,15 0,15 0,15 

Max. Group Index 0,5 0,0 0,0 0,0 

Worst ASTM D 3282 class A-2-6 A-2-4 A-2-4 A-2-4 

Max. Bar Linear Shrinkage x 7. 

< 0,425 nun 320 170 170 170 

Min. Dry 10 7. FACTxx value, kN or 50? 80? 110? 110? 

Max. Dry Aggregate Crushing Value xx (7.) 40? 35? 30? 30? 

Min. Soaked/dry 10 7. FACT value xx (7.) 50? 50? 50? 50? 

Max. Water Absorptionxx (7.) 5? 5? 

Min. Dry Aggregate Pliers Value xx (7.) 50? 60? 70? 70? 

Min. 98 7. M.AASHTO 0, 1" CBR l7.) 60 80 80 80 

Min. 98 7. M.AASHTO 0,2" CBR (7.) 80 80 100 100 

Max. M.AASHTO CBR Swell (7.) 0,5 0,5 0,5 0,5 

Min. Relative Field Compaction 

(7. M.AASHTO) 98 98 98 98 

T After 20 years per 12 hour (7 a.m. to 7 p.m.) day in both directions 

f Or up to 600 E80/24 hour day/lane after 20 years 

11 The Grading Modulus (GM) is the cumulative percentage retained on the 2, 0,425 and 

0,075 nun s~eves 

T 

On the dry-screened< 6,7 nun fraction; or 0,20 on the dry-screened< 0,425 nun fraction 

xx All coarse aggregate tests must be carried out on a mixture of the 9,5-13,2 nun material 

prepared by screening and that prepared by crushing the > 13,2 nun aggregate 



TABLE 4 SUGGESTED INTERIM SPECIFICATIONS FOR THE USE OF TILLITE IN SOUTHERN AFRICA (19) 

Moist areas (N < 2)(e.g. Natal) Dry areas (N > 2) 

Property 

Base Sub base 

Vehicles per day 1000-4000 < 1000 1000-10 000 < 1000 

(approx 7. heavyxxx) (10) (5) 

Estimated E807day 460 36 1200 36 

Max. size (mm) 19,0-37,5 19,0-37,5 26,5-37,5 63 

% < 0,075 mm 5-17 5-17 5-12 < 25 

Max. liquid limit (7.) 26 26 26 35X 

Max. plasticity index (%) 13 13 6 13x 

Max. Bar Linear Shrinkage (%) 4 4 2 4 

Min. 987. Mod.AASHTO 

soaked 2,54 mm CBR (%) 100 80 80 70 

Max. flakiness index 45XX 

107. FACT (kN) 200 180 110 

Min. ratio soaked/dry 

10% FACT (7.) 70 70 70 

Min. Washington degradation 

value 60 55 50 50 

x Provided the material is stabilized. Values are before stabilization. 

xx 

xxx 

Provided the 10 7. FACT specification is met; if not discard. 

Heavy vehicles z axle load > 15 kN. All vehicle counts are both directions, 12-hour 

counts corrected for 24 hours. 

TABLES RECOMMENDED STANDARDS FOR BASE AND SUBBASE MATERIALS 
(20) 

Base a Sub base 
Material and 
Properties 2:300 vpd <300 vpd 2:300 vpd <300 vpd 

Natural gravels 
Grading modulus >J.5 >1.5 -63 mm -63 mm 
Plasticity Index (%) :PS :PIO :P 10-12 :P l0-12 
CBR (%) (9S% AAS HTO) <t60-70 <tS0-60 <t35 <t2S 

Pedogenic materials 
Grading modulus >1.5 >LS -63 mm -63 mm 
Plasticity Index (%) :PIS :PIS :PIS :Pl5 
Linear shrinkage (%) :PS :PS :PS :PS 
CBR (%) <t60-70 <tS0-60 <t3S <t2S 

a For good subgrades in which the CBR is less than 2S percent, the requirements of the 
base can be relaxed to the less than 300 vpd specification. It should also be noted that when 
pedogenic materials are used, especially calcretes, the soluble salt content should be checked. 
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37,5 
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13 
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80 
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experience will have to be gained about the performance of 
every material classification and climatic situation before any 
relaxation of material standards can be considered. Layer 
thicknesses appear to be less of a problem than material quality, 
and base and sub base thicknesses of between IOO and I SO mm 
have been used successfully. Unfortunately, little information is 
available on the in situ strength of the subgrade, and according 
to the TRH 14, special attention is necessary ifthe in situ CBR is 
less than l S (21). A discussion of certain problems in regard to 
traditional specifications follows . 

PROBLEMS WITH TRADITIONAL SPECIFICATIONS 

Marked differences in the performance of roads that were built 
with weathered dolerite bases under bitumen surfacing were 
reported in the early 1960s. In several cases in which the failed 
roads were opened and the base material was compared with the 
material in the applicable borrow pit, a deterioration in the 
quality and composition of the weathered dolerite was observed. 
This decomposition was not limited to basic crystalline rocks, 
but also affected acid crystalline rocks, and depended on the 
climatic regions. This work led to the definition of the Weinert 
N-value to characterize climate. It was also possible to identify 
problem materials by the percentage of secondary minerals, like 
clay minerals, as a function of the N-value, as shown in 
Figure 2. The percentage of secondary minerals is determined 
by microscopic observation. Unfortunately, the process is 
laborious and is not executed on a routine basis in a field 
laboratory. The ratio of the wet/ dry IO percent FACT 
distinguishes between some of the decomposing materials, but 
in the TR H 14 this is only a requirement for the high-quality GI 
and G2 materials (6). 

Sampson et al. recently reported work in which a modified 
form of the Texas Ball Mill (TBM) test was used to identify 
decomposing materials (22). The proposed limits are that (a) the 
Pl should not exceed 6 after any of the TBM treatments, and (b) 
the amount of fines passing the 0.42S mm sieve should not 
exceed 40 percent and should not increase by more than 20 
percentage units from the original passing the 0.42S mm 
fraction . 
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Although the results of this test procedure are still being 
correlated with performance, preliminary indications are that it 
identifies decomposing materials and it can be performed in any 
site laboratory that is equipped with a TBM apparatus. Such a 
rapid test would be a valuable aid, because dolerites in 
particular posed some problems even when materials that 
complied with the traditional specifications were used. 

Special Secondary Roads in the Orange Free State 

It was reported at the previous Conference on Low-Volume 
Roads that the Orange Free State Provincial Roads Department 
has constructed more than 600 km of special secondary roads 
since 1971; 8S l km of the roads are currently in service (3). 

These roads were gravel roads that were upgraded with a light 
pavement structure. This was done mainly to conserve gravel 
and to counteract the effects of an excess or lack of moisture. 

Specifications for these pavements require the unstabilized 
subbase to have a minimum in situ CBR of 3S at 9S percent 
Mod.AASHTO compaction, a minimum grading modulus of 
l .S, and a maximum plasticity index of IO (23). The existing 
gravel wearing course is brought to a uniform thickness of l SO 
mm if the sub base quality is suitable, or a new layer is imported. 
An estimated in situ CBR of at least 6S at 98 percent 
Mod.AASHTO compaction and a maximum PI of 6 are 
required for the l SO-mm natural gravel base. A bituminous 
double seal that consists of a layer of 13 mm and a layer of 6 mm 
stone is used as a surfacing. The available as-built records show 
that the base was typically of GS or G6 material, whereas the 
sub base consisted of GS, G6, or G7 material. The maximum PI 
in the base and subbase was specified as 6 and IO, respectively. 

The construction records of five of these roads indicated that 
they were constructed with natural dolerite gravels. A visual 
assessment of these roads showed that their performance was 
influenced by the climatic zone. Two of these roads were located 
in an area in which the N-value was greater than S, and no 
distress was recorded even though the roads have been in service 
since 1978. Traffic-associated distress was recorded on the other 
three roads, which were built between 1979 and 1981 and which 
were located in areas in which the N-value was less than S. 
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Although a maximum PI of 6 was specified for the base, 
severe traffic-associated distress was observed within 6 yrs in 
cases in which natural dolerites were used in climatic zones in 
which the N-value was less than 5. Thi~ suggests that even 
traditional specifications may not be appropriate under such 
conditions. Further research will be performed on the special 
secondary roads to clarify the issue of the suitability of 
traditional specifications for dolerite materials in the wetter 
climatic areas. 

Lighter Pavement Structures in a Wetter Coastal Area . 

An investigation was recently conducted on the performance of 
lighter pavement structures in a wetter area along the eastern 
seaboard. Three roads were studied that were either constructed 
with natural gravel dolerites or contained added dolerite fines. 
These three roads were located in an area in which the N-value 
was less than 2. Severe traffic-associated distress, coupled with 
rutting, had occurred over more than half of the length of each 
road, and many potholes and patches were evident. An 
evaluation of the in situ structural capacity by means of the 
Dynamic Cone Penetrometer (DCP) procedure showed that 
these roads had carried between 1 and 50 percent of their 
structural capacity since 1983, when they were opened to traffic 
(24). Severe distress coupled with a structural capacity that is 
much higher than the traffic the road has carried usually 
indicates a base problem. This was confirmed when test pits 
were dug on these roads. 

The available construction records showed that at the time of 
construction the Pis of the base were within the specified 
maximum of 6. However, when the in situ materials were tested 
in 1986, the Pis ranged from 6 to I 0. The centerline sample that 
had the highest PI was subjected to the modified TBM test. No 
change in properties was detected, which suggested that no 
further degradation would occur. 

Although the evidence obtained on these three roads was 
meager, it suggested that under these conditions even basic 
crystalline materials at the margin may not perform satis
factorily. In fact, Netterberg suggested that a PI of more than 1 
or 2 is dangerous in a base composed of basic igneous rock, even 
if it is stabilized (25). It is also important to note that the 
expected performance and life of the road may be jeopardized 
by its finish and riding quality. An as-constructed ~iding quality 
of2.2 PSI (48 QI) was measured when the road was constructed 
under traffic, which is the way in which many roads in 
developing areas are built. 

It is clear from the limited study of the performance of roads 
constructed with basic crystalline rocks that even traditional 
specifications may be too wide in terms of Pl in cases in which 
the N-value is less than 5. No relaxation of traditional 
specifications should therefore be considered. 

CONSTRAINTS IN DEVELOPING REGIONS 

A certain level of routine maintenance is assumed in any 
pavement design, and periodic or special maintenance activities 
are specified. It is assumed that these activities will be executed. 
However, these assumptions do not necessarily always apply. It 
is therefore worthwhile to explicitly list the following possible 
constraints in developing regions. 
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• Funds for capital expenditures are often obtained from 
funding agencies and are therefore relatively scarce. 

• Rehabilitation is typically funded from external sources. 
Delays in arranging funds and appointing contractors could 
mean that rehabilitation will become reconstruction. 

• Quality control during construction may not always be of 
a high standard. 

• Departmental resources may only be geared to handle 
maintenance; construction would then be handled by con
tractors. 

• Maiptenance budgets may be limited to such an extent 
that essential routine or special maintenance activities may not 
be performed, with a consequent effect on road quality. 

• Maintenance organizations may experience difficulties in 
the recruitment of suitable staff; therefore, the quality and 
quantity of maintenance may suffer. 

• Problems may be encountered in maintaining plant and 
equipment, which could influence the annual output. 

• Control of vehicle overloading may be poor. 

The application of lighter pavement structures will now be 
reviewed against the background of these possible constraints. 
The development of a design philosophy will also be addressed. 

HANDLING A SITUATION OF INCREASED RISK 

Old-time road engineers used to say that the performance of a 
road was defined by the following factors: 

• Surface and subsurface drainage, 
• Material quality, 
• Construction control, 
• Maintenance, and 
• Control of overloading. 

Acceptable performance can still be obtained if only one of 
these factors is relaxed. For example, if drainage is worse than 
desired, adequate performance can still be achieved provided 
that all other factors are of a high quality . However, if there are 
drainage problems, and the material quality is suspect, it is 
unlikely that good performance will be achieved. The local 
situation defines the extent to which overloading is controlled 
and maintenance is applied, but the designer has little control 
over this. A tendency to neglect the design of drainage of light 
standard pavements could be fatal. Poor performance could 
also be aggravated by marginal materials. Construction control 
may also be neglected, which would result in an expensive road 
that does not provide any service. The materials that are used in 
lighter pavement structures may be sensitive to moisture, and 
poor maintenance could allow the disastrous ingress of moisture 
(3) . 

It is therefore clear that injudicious relaxation of specifications 
is unwarranted. The utmost care should be taken during 
.construction with drainage, material quality, and construction 
control. For example, Netterberg believes that construction 
control should be more stringent than on normal roads (25). 
Control of material quality does not mean working to traditional 
specifications, but working to appropriate specifications that 
have been tested in practice. If these aforementioned factors are 
well-controlled, there is a reasonable chance of achieving 
acceptable performance even if maintenance and control of 
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overloading is neglected. However, the philosophy adopted by 
a road authority should be primarily influenced by its capabilities 
and method of funding. 

Departmental Funding and Construction 

If a certain road is to be built to lighter pavement standards, and 
the road is constructed and funded under departmental control, 
the savings in construction cost would benefit the department, 
even though lighter pavement structures may carry an increased 
risk of early maintenance and rehabilitation. The objective 
would be to minimize construction and maintenance costs . 
These risks would be perfectly acceptable if the department 
could cope with the increased work load. In fact, the department 
could apply a high level of maintenance to ensure good 
performance. 

External Funding and Contracts 

If a sponsoring agency is funding construction, the acceptability 
of increased risk associated with lighter pavement structures 
has to be evaluated carefully, especially if the capital is raised by 
means of repayable loans. The road authority typically would 
neither have the resources to handle the increased maintenance 
work load associated with this risk , nor would it be equipped to 
handle any necessary local reconstruction. Local reconstruction 
remains an important consideration, as reported by Paterson 
and Marais (15). Therefore, it may not be prudent to accept the 
increased risk of lighter pavement structures in a situation in 
which a sponsoring agency provides the funds for road 
construction, and departmental resources are used for future 
maintenance. ln this case a standard pavement design and 
proven materials should be used. 

Funding agencies could, however, play an important role in 
sharing the consequences of minimizing total costs, particularly 
in regard to the road authority's costs. This could be achieved 
by providing funds not only for the initial construction, but also 
for routine and special maintenance as part of the original loan 
agreement. Routine maintenance can be ensured in this manner. 
This method was adopted by funding agencies such as the 
World Bank, which recently entered into a loan agreement with 
Malawi to fund routine maintenance on the part of the Malawi 
road network. 

Techniques To Reduce the Risk Factor of Lighter Pavement 
Structures 

In addition to the pavement design, construction, and main
tenance considerations, sealed shoulders can be used to reduce 
the risk of lighter pavement structures. This technique would be 
particularly relevant when natural materials that are known to 
perform marginally are available and costly crushed stone is the 
only alternative base material. ln an extensive study of moisture 
movement under pavements in South Africa, Emery found that 
the seasonal moisture movement extended 600 to 1,000 mm in 
from the edge of the bitumen, and that it was more prominent in 
the upper layers (26). A sealed shoulder width of 1.0 m is 
recommended for low-volume roads in which the design traffic 
is less than 3 million E80s to minimize the effect of wheel loads 
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in the zone of seasonal variation. The economics of such a 
treatment would of course have to be evaluated for each specific 
project. 

CONCLUSIONS 

Wide success has been achieved in southern Africa with the 
application of an appropriate technology that uses natural 
materials in the construction of lighter pavement structures. 
Notwithstanding the successful use of materials that do not 
comply with traditional specifications, available evidence has 
also shown that, under certain circumstances, relaxation of 
traditional specifications could be disastrous. 

Climate, as defined by the Weinert N-value, plays an 
overwhelming role in the performance of natural materials. It 
was shown that calcretes, which are normally found in an area 
in which Nwas greater than 5, performed successfully when the 
CBR, PI , grading requirements, and aggregate strength 
specifications were relaxed. Judging from the experience with 
laterites in other regions, pedocretes perform well with relaxed 
specifications; available guidelines were presented. In dry areas 
in which N was greater than 5, dolerites performed well when 
traditional specifications were followed, because disintegration 
was the main form of weathering. 

In wet areas in which N was less than 5, decomposition was 
the main form of weathering. Basic crystalline rocks, such as 
dolerites, have posed problems in lighter pavement structures, 
even when traditional specifications were followed at the time 
of construction. Indications are that under these conditions 
such materials should have a maximum PI of 1 or 2, even when 
stabilized. Tillites, on the other hand, allow relaxation, and 
tentative guidelines were give.n. 

Although wide success has been achieved with lighter 
pavement structures, the applicability to local conditions and 
cost-effectiveness have to be considered. Available evidence 
suggests that dust palliative treatments are not cost-effective, 
although unsubstantiated reports to the contrary have been 
made. Great care has to be taken in the judicious application of 
lighter pavement structures so as not to compound problems 
that arise from the following factors: 

• Poor drainage, 
e Poor construction control, 
• Poor in-service maintenance, and 
• Poor control of overloading. 

There is an associated risk with the use of lighter pavement 
structures of early local reconstruction or unexpected additional 
maintenance. If a road authority is equipped to handle this 
additional work load, lighter pavement structures could be 
effectively used to minimize the total cost of construction and 
maintenance, and the cost incurred by the road user. In cases in 
which funding is obtained through loans, a road authority often 
would not be equipped to handle the additional work load. 
Lighter pavement.structures may not be an economic alternative 
unless the financing authority can provide funds for such 
unexpected expenditures in the loan agreement. In some cases 
such treatments as paved shoulders may be an economic option 
for reducing the risk of poor performance. 

In summary, it has been shown that lighter pavement 
structures are economically viable under certain conditions, but 
they cannot be used injudiciously. 
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The Use of the Clegg Impact Tester in 
Managing and Designing Aggregate
Surf aced Roads 

TEJ 5. MATHUR AND GERALD T. COGHLAN 

A review of existing applications and operations of the Clegg 
Impact Tester, or Clegg Hammer, and an investigation into 
further applications of its use in managing traffic during spring 
breakup and in designing aggregate surfaces on low-volume 
roads are presented. A significant need exists for a simple, 
cost-effective, and quantifiable design device such as the Clegg 
Hammer. Findings support the earlier form of correlation 
between the California Bearing Ratio (CBR) and the Clegg 
Impact Value ( CIV), but indicate that the coefficients may vary 
for different materials. The operating instructions of the Clegg 
Hammer recommended that the standard CIV be taken as the 
reading after 'the fourth blow is made. This recommendation 
was substantiated. Tests show that the depth to which an 
underlying material would influence the CIV is at least 12 
inches. No correlation was found between the CIV and the 
Benkelman Beam deflections, but good correlation was found 
with the Falling Weight Deflectometer readings. 

An investigation was made into the application of the Clegg 
Impact Tester, or Clegg Hammer, in evaluating existing 
aggregate-surfaced, low-volume roads to manage traffic during 
spring breakup, and in designing surfaces. In addition to 
correlating the Clegg Hammer with a Benkelman Beam and 
Falling Weight Deflectometer, several preliminary tests were 
performed to gain familiarity with the Clegg Hammer. 

The Clegg Hammer has been demonstrated to be an easy to 
operate, quick, and portable device for estimating CBR in the 
field and laboratory, and for construction compaction control 
(1, 2). The Clegg Hammer was adapted from a Modified 
Proctor Hammer that was fitted with an accelerometer. When 
the device is dropped un an aggregate or soii surface, the rate at 
which the hammer slows is related to the strength, density, or 
hardness of the surface. The electronic meter displays and 
records the peak deceleration; the higher the Clegg Impact 
Value (CIV), the firmer the surface is. The reading of the device 
after the fourth blow is delivered is the standard CIV. 

The estimation of the CBR of the soil with the Clegg Hammer 
provides a basis for the design of aggregate surfacing. It was 
reasoned that the reaction of the hammer to the dynamic impact 
was not only in response to the surface material, but to the 
composite of surface and underlying material. The aggregate on 
a soft sub grade would therefore give a lower CIV than the same 
aggregate on a harder subgrade. If this is true, then the CIV 
would indicate a composite strength as a basis for traffic 
management and resurfacing design. Because the Clegg Hammer 

USDA, Forest Service, Region 9, 310 W. Wisconsin Ave., Milwaukee, 
Wis. 53203. 

has only a IO-lb hammer with a face 2 in in diameter, there was 
concern as to whether the hammer could measure deep enough 
to respond to the subgrade. 

The following were specifically studied and reported in this 
paper: 

• A review of the correlation between CIV and CBR for 
different soil types, 

• An evaluation of the fourth reading as the standard CIV, 
• An investigation of the depth of road materials that 

influence the response of the Clegg Hammer to the dynamic 
impact, and 

• A correlation of the ClV to such full-scale road deflection 
testing devices as the Benkelman Beam and the Falling Weight 
Deflectometer. 

TRAFFIC MANAGEMENT AND AGGREGATE SURFACE 
DESIGN 

The USDA Forest Service operates a low-volume road network 
of over 300,000 mi, 95 percent of which is native surfaced or 
aggregate surfaced. Approximately 10,000 mi of the network 
are constructed or reconstructed annually. 

The restriction of logging traffic from these roads when 
subgrades are weakened by the spring thaw could save significant 
maintenance and reconstruction dollars. However, the forest 
manager has no quick, simple, or quantifiable way to 
demonstrate that the road is unsuitable for hauling or to 
determine when the road is suitable. Risks and economics do 
not warrant the provision of full-scale testing equipment such as 
the Falling Weight Deflectometer or Dynaflect at all locations 
in which they are needed . No expertise exists in the use of these 
sophisticated devices. Forest managers currently rely on ex
perience and judgement. It is hoped that the Clegg Hammer 
could complement experience and judgement in a simple, 
quantifiable, and cost-effective manner. 

Many more miles of aggregate resurfacing are designed by 
experience and judgement than by rational design methods that 
use data from full-scale tests. Experience and judgement can be 
effective, and should certainly never be ignored when a rational 
design approach is used. However, an approach that relies on 
experience and judgement alone often leads to a design that 
considers the worst case condition; a soft area needs 8 in of rock, 
so 8 in of rock is placed over the whole stretch of road. The 
Clegg Hammer offers the potential use of quick, simple, and 
quantifiable data to complement experience and judgement to 
provide more cost-effective designs that put the surfacing where 
it is needed, and in the amount that is needed. 

An incremental surfacing design is not currently used for 
aggregate surfacing, but it offers a potential for further savings 
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and application of the Clegg Hammer for new construction (3). 
Incremental design is a stage construction approach in which 
initial construction includes only the minimum surfacing that is 
needed to construct the road, or to meet the standards of the 
initial use of the road . The constructed road surface is then 
evaluated with a device such as a Clegg Hammer, and the final 
surface is designed on a very localized, as-needed basis. Like 
resurfacing design, incremental design optimizes surfacing at 
each point along the new construction. 

CORRELATION OF CIV WITH CBR 

The literature suggests the following correlation between CIV 
and CBR (J, 2) . 
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CBR = 0.07 x CIV2 (1) 

CBR samples of a variety of materials were prepared in 
accordance with AASHTO T-99 Method D, and unsoaked 
samples were tested in accordance with AASHTO T-193. Clegg 
Impact Values were determined on the bottom face of the 
samples after the CBR tests were performed. The relationships 
between CIV and CBR for these tests are shown in Figures 1 
and 2, in which different soil types are classified according to the 
Unified Classification System. 

These tests confirmed that the relationship is of the form 
CBR = K X CIV2. However, the value of the constantK appears 
to depend upon the type of material. The following values are of 
the constant indicated for the materials that were tested: 

0 0.2 0.4 0.15 0.1!1 
(Thoueand•) 

crv-2 
FIGURE 1 CBR and CIV correlation-GW-GM, GP-GM, and SM. 
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Material K 

GW-GM 0.062 
GP-GM 0.062 
SM 0.07 
SW 0.07 
CL 0.08 

These values are based on a very small number of unsoaked 
samples from a localized area. However, they indicate that users 
should verify values of the constant for local soils and 
aggregates whenever practical. Further testing on soaked CBR 
samples may also be desirable. 

A REVIEW OF THE FOURTH READING FOR THE 
STANDARD CIV 

The operating instructions of the Clegg Hammer indicate that 
the standard ClV is the reading after the fourth blow. On a 
typical homogeneous surface, readings increase to the second or 
third blow, then generally remain constant. The fourth reading 
could also be considered the constant reading. However, in 
many cases, some increase in readings was obtained with 
further blows, possibly because of compaction or encountering 
a stray rock. ln order to evaluate the significance of this and to 
correlate the readings with those of the Falling Weight 
Deflectometer (FWD), fourth-blow Cl V readings were recorded 
in addition to the readings and blow number after four identical 
readings were taken as constant readings (see Table I). The 
fourth-blow readings and the constant readings were both 
plotted against the FWD readings, and the fourth-blow readings 
were found to have as good or better correlation. Standardizing 
on the fourth blow also ensured that all tests received the same 
compactive effort from the Clegg Hammer. 

HOW THE DEPTH OF UNDERLYING MATERIAL 
INFLUENCED THE CIV 

The Clegg Hammer was connected to a Bison Model l 570C 
engineering seismograph to determine the depth of ground that 
was perceptibly influenced by the dynamic impact of the Clegg 
Hammer. The Clegg impact could no longer be detected by the 
geophone at a distance of 18 ft. and further observations were 
discontinued. However, this test was sufficient to identify a 
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harder underlying layer at a depth of 4.5 ft. The soil was 
therefore perceptibly influenced by the dynamic impact of the 
Clegg Hammer to a depth of at least 4.5 ft, although the test did 
not indicate that the Cl V was influenced by this harder 
underlying layer. 

In order to determine the depth of the underlying material 
that influenced the CIV, two samples of aggregate were tested, 
one of which was underlain by soft soil, and the other by a 
concrete floor. The aggregate was compacted in successive 
layers in an 18-in corrugated metal pipe (CMP) mold about 12 
in high. Moisture, density, and ClV were recorded at each layer, 
as summarized in Table 2. Moisture and density levels for the 
two samples were about the same. 

The results of these tests are shown in Figure 3. It was 
expected that the curves of CIV on a soft base and on a hard 
base would come together, at which point the Clegg Hammer 
would not differentiate the underlying material. Below that 
point, and certainly within the 12-in range plotted, the Hammer 
clearly responded differently to the different underlying 
materials. The small l 8-in diameter and the corrugations of the 
CMP may have influenced these results, and probably decreased 
the influencing depth. 

CORRELATION OF CIV WITH BENKELMAN BEAM 
MEASUREMENTS 

The Benkelman Beam (BB) measures how much the asphalt 
pavement rebounds when a 9-kip wheel load is removed from it. 
One end of an arm is placed between the dual truck tires, and the 
other end is balanced on a frame setting outside the deflection 
basin. As the truck drives away, a dial gauge records the 
rebound of the arm. This re-bound, or, conversely, pavement 
deflection, indicates the composite strength of the pavement 
and subgrade. 

CIV and BB data were recorded for the Sullivan Creek Road 
on the Hiawatha National Forest and the Moose Lake Road on 
the Superior National Forest, as shown in Figure 4. The C!Vs 
should have been low at high BB deflections, and should have 
increased as the BB deflections decreased. The scattered test 
results provided no productive correlation, which may have 
been due in part to the somewhat passive rebound nature of the 
BB test compared to the dynamic impact nature of the Clegg 
Hammer test. The BB also measures on the basis of a very small 
contact point that may work well on a relatively smooth, tight 

TABLE I CORRELATION BETWEEN CLEGG IMPACT VALUE AND FALLING WEIGHT DEFLECTOMETER 

Average CJV Average Central Deflection/ Pressure (µ/ kPa) 

4th Blow Same Drop Heights 

Test Site 4 Blows I (low) 2 3 4 (high) 

Livestock Pavilion 
109 II 12 13.7 14.3 
110 10 II 17.1 

Snyder Road 
Ill 76 80 0.76 0.71 0.72 0 .76 
112 63 66 1.14 1.07 1.05 1.08 

Cherry Road 
113 30 36 4.11 3.84 

Nie me Road 
114 20 22 6.1 5.7 5.7 5.2 

Nole: Dash indicates dala nol measured . 
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asphalt surface, but may be inappropriate for irregular, loose 
aggregate surfaces. The performance of further tests may show 
a trend, but this does not appear warranted. 

CORRELATION OF CIV WITH FALLING WEIGHT 
DEFLECTOMETER 

TABLE2 THICKNESS OF MATERIAL THAT 
INFLUENCES CLEGG IMPACT VALUES 

The Falling Weight Deflectometer (FWD) is a trailer-mounted, 
dynamic loading device for measuring road surface deflection 
and deflection basin under load. Although it is configured to 
simulate the impact of a 9-kip wheel, the drop height, weight, 
and bearing plate size can be varied to provide a range of 
impacts depending on the materials and the size deflections 
desired. A series of geophones at known distances along an arm 
provides the shape of the deflection basin and the center point 
deflection . The Dynatest FWD that was used in the test 
recorded deflections in microns(µ) and the plate pressure in kilo 
Pascals (kPa). This FWD was available through Dr. Lynn 
Irwin and the Local Roads Program at Cornell University. 

Sub grade Base Concrete Base 

Dry Dry 
Ht. Above Density Density 
Base (in) (pd) Cl Vs (pc!) Cl Vs 

0.00 67.4 5 135.8 175 
2.00 98.6 5 109.0 38 
6.00 115.6 12 120.8 26 

10.60 128.0 22 
12.75 127.3 13.5 

Note: Dash indicates data not measured . 

Several aggregate roads near Ithaca , New York, that had 
different strengths were selected on the basis of local experience. 
Test sites were selected, C!Ys were taken around proposed 
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FIGURE 5 CIV versus FWD correlation. 

FWD test centers, and a series of FWD tests was performed at 
different drop height and weight configurations. In order to 
provide a common basis of comparison to the Clegg readings, 
these different FWD values were normalized by dividing the 
plate deflection by the plate pressure. This was based on the fact 
that deflection is proportional to the change in plate pressure, 
which in turn is the result of drop height and weight. Clegg 
Impact values are the average of 4 to 6 tests taken around the 
pruposeJ FWD plate test site, usually within an area with a 2-ft 
diameter. Falling Weight Deflectometer values are the average 
of three to five readings at each height and weight combination. 

The Cl V and FWD results from Table I were plotted on the 
log to log graph shown in F

0
igure 5. This relationship can be 

approximated by the following: 

log FWD = 2.7 - 1.5 log CIV (2) 

where 

FWD = FWD plate deflection divided by plate pressure 
inµ/kPa, and 

CIV = Clegg Impact Value reading at the fourth blow. 

CONCLUSIONS AND RECOMMENDATIONS 

TheCIVcanbecorrelatedtoCBRintheformCBR = K CIV2, 

as indicated by the literature. However, the constant K appears 
to vary for different types of materials. It is recommended that 
users determine values of the constant for local soils and 
aggregates whenever practical. 

The standard CIV taken after the fourth blow provides as 
good or better correlation with other tests, as do constant values 
taken at higher blow counts. The Cl V is clearly influenced by 
underlying material to an aggregate depth of at least 12 in and 
probably more. This relationship needs to be studied further. 
Tests similar to the CMP test that was performed in this study 

would better quantify this factor, but they should be made in a 
larger, smooth-sided box that measures, perhaps, 4 ft square. 

Because the CIV is influenced by underlying material, the 
surface upon which lab Cl Vs are taken should be standardized 
as a concrete floor or block. The Cl V shows no productive 
correlation to the BB deflections, which may be a result of the 
somewhat passive rebound nature of the BB test compared to 
the dynamic nature of the Clegg Hammer test. The BB test 
measures from a very small point, which makes it difficult to use 
on aggregate surfaces. Further testing could possibly define a 
trend, but it does not appear warranted. 

The FWD was a good analogous dynamic-impact-type 
device to test against the Clegg Hammer. The good ClV 
correlation with the FWD indicated that the Clegg Hammer has 
significant pot.ential as a quick and simple device to manage 
traffic and design resurfacing for aggregate roads. Further 
correlation with the FWD is needed before design decisions can 
be made. Correlation with other dynamic devices such as the 
Dynaflect and Road Rater would contribute to a broader 
understanding of its possible uses. 

Traffic management and resurfacing design criteria will need 
to be developed. The Clegg Hammer application will probably 
never provide the level oCanalysis possible with full-scale tesLing 
devi ·,which show the shape of the deflection basin. However. 
the potential for cost-effective application to low-risk, low
volume roads appears high. 
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A Pavement Design for Low-Volume Roads 
That Considers the Antifrost Effects of 
Thickly Packed Snow 
KIYOSHI T AKEICHI, HIROSHI KUBO, AND ATSUSHI KASAHARA 

A pavement design method is described for low-volume roads 
in the cold and snowy regions of Japan. The replacement 
thickness required to prevent frost heave is greater than the 
thickness necessary to bear heavy vehicles. Pavement costs are 
higher in cold regions than in the milder regions of southern 
Japan. Cost-effective pavement structures are proposed for 
low-volume roads under the traffic classifications and weather 
conditions of the cold and snowy regions. Special attention is 
paid to pavement design and antifrost replacement thickness. 
Pavement thickness is determined by the number of 5-ton (50-
kN) equivalent wheel loads in one direction that are expected 
during the design period and the design CBR of the subgrade. 
The lowest of five traffic volume classifications, L, specifies a 
total of 30,000 passes by 5-ton (50-kN) equivalent wheel loads in 
one direction. The pavement structure for the L classification, 
which applies to low-volume roads with few heavy vehicles, is 
overestimated. There are four classifications for low-volume 
roads with recommended pavement structures. Weather condi
tions and traffic volume are very important factors in the 
pavement design of low-volume roads that are covered with 
packed snow. The depth of frost penetration on these roads is 
less than that of bare pavements because of the insulating effect 
of the snow layer. Therefore, because the insulating effect of 
snow can be expected, the thickness of the antifrost layer can be 
reduced when the pavement is replaced. In order to practically 
apply this design procedure, the following work must be 
performed. The earliest date at which snow continuously covers 
the pavement must be estimated, .the freezing index of the 
earliest date and the total freezing index must be determined 
from meteorological records of the ,project area, and the 
thermal constants of the packed snow· layer and pavement 
materials must be calculated. It was found that more cost
eff ective pavement designs of low-volume roads are possible in 
cold and snowy regions when the ins.ulating effects of the 
packed-snow layer are considered. 

The total length of roads in Japan is nearly I J 20 000 km, over 
80 percent of which are s~condary roads, including low-volume 
roads. Trunk roads are nearly 100 percent paved, and main
tenance and improvement are important problems. Low-cost 
paving methods must be developed to extend the life of low
volume roads that are paved. 

K. Takeichi, Hokkai-gakuen University; W-11, S-26, Chuo-ku, Sapporo, 
064, Japan. H. Kubo, Civil Engineering Research Institute, 3-chome, 
1-jo, Hiragishi, Toyohira-ku, Sapporo, 062, Japan. A. Kasahara, 
Hokkaido Institute of Technology, 419-2, Maeda, Teine, Nishi-ku, 
Sapporo, 061-24, Japan. · 

Large populations live in areas with heavy snowfall in Japan. 
For instance, about 1,600,000 people live in Sapporo, which is 
an area with an annual snowfall of more than 5 m and a low 
temperature of -15°C. Numerous problems still need further 
research in the design and construction of road pavements, 
maintenance and improvement, and snow and ice control under 
severe climatic conditions. 

This is especially the case for the pavement design of low
volume roads in cold and snowy regions. In these areas, the 
replacement thickness necessary for antifrost measures exceeds 
the pavement thickness determined by the traffic loads and the 
design CBR, because of the low volume of heavy vehicle traffic. 
As a result, construction costs of pavements in cold regions tend 
to be higher than those of regions with milder climates. 

Snow is usually packed on the pavement oflow-volume roads 
in cold regions. The packed-snow layer insulates the pavement 
and reduces the depth of frost penetration. lfthis effect is taken 
into consideration during the pavement design, the thickness of 
antifrost layers could be reduced and construction costs would 
be lower. Such a design method is described, in which traffic 
load conditions and snow-packed pavement conditions are 
classified according to several grades . 

PAVEMENT THICKNESS AND ANTIFROST LAYERS 

Traffic Classification 

The design of asphalt pavements in Japan is based on the 
Manual for Design and Construction of Asphalt Pavemen/s (J). 
Traffic volume is classified into five grades, L, A, B, C, and D, 
by the number of 5-ton (50-kN), equivalent wheel loads, as 
shown in the following table. 

Road Grade 

L 
A 
B 
c 
D 

Number of 5-ton 
Equivalent Wheel Loads 

30,000 
150,000 

1,000,000 
7,000,000 

35,000,000 

The L grade, which applies to low-volume roads, specifies 
30,000 passes of 5-ton equivalent wheel loads. As a result, 
designs based on traffic of the L grade are uneconomical on 
roads with few heavy vehicles . The L grade is therefore further 
classified into four subgrades, L 1, L2, L3, and L4, as shown in 
the following table. 
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Road Grade 

Pavement Thickness 

Number of 5-ton 
Equivalent Wheel Loads 

30,000 
3,500 

750 
I IO 

Pavement thickness is determined by the number of 5-ton (50-
kN) equivalent wheel loads in one direction that are expected 
during the design period, N, and the design CBR of the 
subgrade, CBR. This design method is based on a pavement 
thickness, H, and the required thickness of a full-depth, hot-mix 
asphalt pavement that has an equivalent strength, TA. These 
thicknesses are calculated by Equations I and 2, respectively 
(/). The pavement thickness in this case is the total pavement 
thickness of the surface course, binder course, base course, and 
subbase course. 

28.0 x N°· 1 

(cm) H : 
CBR0·6 

(I) 

3.84 x N°· 16 
(cm) TA BRO. 

(2) 

The thicknesses of the structural layers of pavement are 
determined by Equation 3. 

(3) 

where 

a 1, a 2, . .. a
0 

= coefficients of relative strength, and 
T 

1
, T 

2
, ... T n = thickness of individual pavement layers (cm). 
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The coefficients of relative strength, an' indicate the thickness 
in cm of the hot asphalt mix used to construct binder and 
surface courses , which have a strength equivalent to a I-cm 
layer of other pavement materials and construction methods. 
These are modified coefficients of relative strength determined 
for pavement material by the AASHO Road Test. 

The calculated pavement thickness, H, is allowed to be 
reduced by a maximum of 20 percent, so 0.8 X His applied to 
the pavement thickness of L 1, L2, L3 and L4 road classifications. 

The typical asphalt pavement structures, based on the 
calculated results of Hand TA for L 1, L2, L3, and L4 road 
classifications, are shown in Table 1. 

Antifrost Layer 

The pavement thickness of luw-vulume roads in snowy regions, 
which is determined by traffic loads and the design CBR of the 
sub grade, is usually less than the replacement thickness necessary 
for antifrost measures. It is therefore necessary to replace the 
difference between the pavement thickness and the replacement 
thickness with an antifrost layer. 

In Japan, the replacement thickness required for antifrost 
measures generally uses 70 percent of the theoretical maximum 
frost penetration depth, as shown in Figure I. However, the 
replacement thickness is sometimes determined from experience 
in some areas. The theoretical maximum frost penetration 
depth is the maximum depth of frost penetration of ground 
composed of coarse-grained material that is not susceptible to 
frost in the coldest year of the last 10 years . The theoretical 
maximum frost penetration depth is calculated by the modified 
Berggren's formula with the maximum freezing index (Fmax ° C 
days) in the last JO years (2). 

The freezing index represents the product of the daily mean 
temperature below 0°C during the freezing period and the 
number of days of continuous freezing. This can be calculated 
by use of climate data. 

TABLE I TYPICAL ASPHALT PAVEMENT STRUCTURES FOR LOW-VOLUME ROADS 

Pavement Structure Coefficient Design CBR Layer thickness by 
relative strength road classification (cm) 

11 12 L' L+ 

Surface course 1. 0 3 3 4 4 

Hot asphalt mix 

Binder course 1.0 - 4 - - -
Hot asphalt mix 

Base course 0.8 5 5 - -
Bituminous stabilization 

Subbase course 
Crusher-run or :z 35 30 25 20 

Pit-run gravel 0.25 3 25 zo 21.1 

(Modified CBR: 4 20 ~o 

30 or more) 6 
8 

12 15 15 15 15 
more than ZO. 
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FIGURE 1 Relation between maximum theoretical depth of frost 
penetration and replacement thickness. 

. The thickness of the antifrost layer is not included in the 
pavement thickness, because it is considered a part of the 
subgrade. The design CBR of the sub grade is determined by the 
average of the CBR of the subgrade and tbe antifrost layer 
calculated from Equation 4 (Figure 2) . Because the antifrost 
layer generally uses coarse-grained material, the design CBR is 
greater than that of the existing subgrade, which results in a 
lower total pavement thickness. 

Design CBR = 

CBR
113 

+ (IOO - h) X CBR
1

1
3

] I 2 

100 
(4) 

where 

= 
= 

CBR value of antifrost layer, and 
CBR value of existing subgrade. 
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The subgrade refers to the soil under the pavement within a 
depth of approximately 100 cm below the subgrade surface . 
When h is the thickness of the antifrost layer, the existing 
subgrade becomes 100 - h. 

FROST PENETRATION DEPTH WHEN PACKED SNOW 
ON THE PAVEMENT IS CONSIDERED 

Design Concept 

It is known from experience that the layer of packed snow on 
the pavement of low-volume roads serves as heat insulation , 
and causes a reduction in the frost penetration depth of 
pavement structures . 

Snowfall and temperatures vary with the year and location, 
and it is necessary to establish standard road climate conditions 
for pavement designs. In order to accomplish this, it is necessary 
to determine the earliest date of continuous snow cover on the 
ground; the freezing index; a method for determining frost 
penetration depth before and after the formation of packed 
snow on the pavement; and the thickness, density, and thermal 
constants of the packed snow. Continuous snow cover is 
defined as snow that is on the ground for more than 30 days . A 
method of calculating the reduced thickness of the antifrost 
layer by use of observed data, results of past research, and a 
theoretical formula is presented. 

The general concept of this design method is shown in 
Figure 3. The procedure of the method can be simply explained 
as follows : 

Required replacement thickness Number of 5 ton (50 

for frost heave preventing KN) equivalent wheel CBR of subgrade CBR of antifrosl layer 

measures (Z*) loads 
(N) 

I I 

Required pavement 
thickness (H 1) 

I I 
Calculation of anti frost Determination or 

layer thickness (h' = Z* - H 1) the design CBR 

I I 

I I 
Determination of pavement L>eterminalion or antifrost 

thickness (H) laye r thickness <h = Z* - HJ 

FIGURE 2 Flow chart of pavement structural design. 



240 Transportation Research Record 1106 

- Fall Winter Spring 
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FIGURE 3 General concept of the design procedure. 

I . Using statistical climate data, determine the earliest date 
with a daily mean temperature (1 0) below 0° C and the earliest 
date with continuous snow cover on the pavement (t 1). 

2. Calculate the freezing index (F1) at time 11 and the 
maximum freezing index (Fmax) to get Zamax. 

3. Determine the increase in the frost penetration depth in 
the ground of a con rse-grained material that is not susceptible 
to frost, assuming no snow on the pavement through the winter 
(a-curve). 

4. Find the increase in the frost penetration depth of ground 
from the point t 1, assuming the packed snow of S cm thickness 
on the pavement (b-curve). 

5. Determine the difference between the a-curve and the 
b-curve (ll.Z = Zamax - Zb) at the point at which a-curve 
indicates the maximum frost penetration depth. 

6. Herc ll.Z is the reduced thickness of the frost penetration 
depth as a result of the heat-insulating effects of the packed
snow on the pavement. This b.Z is multiplied by the replacement 
rati o (0.7 X llZ) . which gives the reduced thickn ess of the 
replacement thickness. 

In Figure 3, the a'-curve and b'-curve indicate the increase in 
the frost penetration depth in regions with a small freezing 
index; therefore, the frost penetration depth is naturally small. 

Continuous Snow Cover on the Pavement 

Determination of the Earliest, Continuous Snow Cover Date 

The earliest date with continuous snow cover is the date from 
which snow remained on the ground for more than 30 days. 
Because the earliest date with continuous snow cover (1 1) varies 
from year to year, 11 is assumed with M + 1a from the mean 
first day (M) and its standard deviation (a), based on statistical 
climate data. 

The earliest date that Sapporo had continuous snow cover on 
the pavement is estimated with M + 1a as follows (3). 

b:. curvl..:' 

a'-curv'-' 

In the case 01· a relati ve ly large 
rreczing index 

a-curve 

Climate data: N = 28 ( 1952 to 1980). 
The earliest date with daily mean temperature (10) below 0°C: 

November 17. 
Mean earliest date with continuous snow cover: November 

28. 
Standard deviation (a): 9 days. 
The earliest date with continuous snow cover on the pavement 

(t
1 
= M + 2a): December 16. 

Thickness of the Packed Snow 

The thickness of packed snow (S) on the pavement is classified 
into four grades, 0, 10, 20, and 30 cm, to calculate the heat
insulating effect. No data are available for low-volume roads. 
The field survey results of packed-snow conditions on the 
pavement of national roads are shown in Table 2 (4). 

The density (p) of the packed-snow layer is 0.54 g/ cm 3 in the 
su1vey 1esults f1um Route-230, which has a iow traffic voiume, 
and it varies with traffic volume and snow quality. 

It is shown in Figure 4 that from laboratory tests of the 
relation between density (p) and the number of load applications 
(N) under compressive stress similar to the tire pressure of a 
passenger car, the density (p) varies from 0.50 to 0.55 g/ cm 3 (5). 

Based on the results of field surveys and laboratory tests, the 
density of packed snow is set at p = 0.50 g/ cm 3 on low
volume roads with few heavy vehicles, and at p = 0.55 g/ cm 3 

on other low-volume roads. 

Physical Properties of the Packed Snow 

The physical properties of the packed snow that were used to 
calculate the frost penetration depth are shown in Table 3. The 
thermal conductivity of the packed snow has a great influence 
on the reduction of the frost penetration depth. The thermal 
conductivity of snow is closely related to its density. Many 
researchers have investigated the relation between density and 
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TABLE 2 FIELD SURVEY RESULTS OF PACKED-SNOW LAYER ON THE PAVEMENT 

Road A.D.T. Thickness Density Temperature Date 
(cm) (g/c~) (oC) 

Route-5 2,000 (380)* 10 - 11 0.56 - 0.61 -3.0 Feb. 27 

Route-230 1,000 (174) 3 - 9 0.57 - 0.60 -2.5 Jan. 28 

Route-230 600 (104) 10 0.54 -9.7 Jan. 28 

)* a traffic volume of heavy vehicles per day. 

0.7 

0.6 

E -'.:'_ o.s 
bJl 

Q 

~ 0.4 
~ 
'o 
·~ 0.3 

" "' 0 
0.2 

0.1 

Granulated snow 

Fine grained compact snow 

Compressive stress: 1.3 kgf/cm' 

Test temperature: - 5 ( ' 

Speed: 36 applications per min. 

10 10' 10' 

Number of load applications, N 

Fl GU RE 4 Relation between density and number orload applications. 

thermal conductivity of snow. One example is Mellow's chart, 
which is shown in Figure 5 (6). Curves (1) and (2) in this figure 
are the results of research in Hokkaido, Japan (7). From the 
eleven curves of density (p) and thermal conductivity (K), 
including the results observed in Hokkaido, thermal conductivity 
is obtained by Jansson's curve, which gives average values. 

Estimation of Frost Penetration Depth 

Theoretical Formula To Estimate Frost Penetration Depth 

The modified Berggren's formula shown in Equation 5 is used 
to calculate frost penetration depth (8). 

z = 

(L/ K)eff = 

172800 F 

(L/ K)eff 

2 

x2 [ ,:, l 

where 

x = 

dn = 

Kn = 
Ln = 

F = 
z = 
i\ = 

+ ..... ........ ... .... . + Lndn [ + 

+ ]} 

d 1 + d 2 + d 3 + ..... dn = estimated depth of frost 
penetration (cm), 
thickness of each layer down to the estimated depth of 
frost penetration (cm), and d 1 is the thickness of the 
surface layer, 
thermal conductivity of each layer (cal/ cm· sec· 0 C), 
volumetric heat of latent fusion of each layer 
(cal/ cm\ 
freezing index (° C days), 
depth of frost penetration (cm), and 
dimensionless coefficient. 

The mean water content ratio ( W) of coarse-grained material 
that is not susceptible to frost in Hokkaido is 15 percent. The 
dry density (yd) is 1.8 g/cm 3. The thermal conductivity of 
coarse-grained material was calculated with the values shown 
earlier and Kersten's experimental equation (8). The thermal 
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TABLE 3 THERMAL PROPERTIES OF PACKED SNOW 

Density of Specific Thermal Volumetric heat Latent heat 
packed snow (f) heat (C) conductivity apacity (Q) ' of fusion (L) 

(g/cm3
) (cal/g·°C) (K) (cal/cm3· °C) (cal/cm3 ) 

(cal/cm·sec.°C) 

E 
..'.:'._ 0.002 
-;; 
'J 

""' 0 0.001 ._, 

0.50 

0. 55 

lnvestig"tc·d results 
in Hokkaido 

0 . 1 0.2 

0.225 

0.250 

Density,!' (g/ cm') 

0.00138 

0.00170 

0.5 0.6 

FIGURE 5 Relation between density and thermal conductivity of 
snow. 

conductivity of coarse material is different at unfrozen or frozen 

times , and the mean value of0.00620 cal / cm · sec · °C was 
adopted as thermal conductivity (K). 

Volumetric heat (Q) and latent heat of fusion (L) are 

determined as follows: 

Q = (0. 17 + 0.0075 X W X Yc1 = 0.509 cal / cm 3 • °C 
and 

/ . =0.795 X y"X W=21.60cal / cm 3. 

Influence of Packed Snow on the Frost Penetration Depth 

The effect of packed snow on the free7.ing index and frost 

penetration depth determined by the modified Berggren's 

formula is shown in Figure 6. Under snow-packed pavement 

conditions, the ground starts to free7.e only after a certain value 
of the freezing index has been reached. When the thickness of 

the packed-snow layer is great and its density is low, the frost 

penetration depth is small. 

)~eduction in Antifrost Layer 

The relation between the freezing index and the frost penetration 

depth in packed-snow pavements is first determined. If the 

freezing index (F
1

) on the earliest date with continuous snow 

'E 
u 

N 

" .g 

so 

~ JOO 
c 
Q) 

0. 

200 

0 

o. 113 39.75 

0.138 43.70 

heezing index, F ( (" days) 

200 400 600 800 1000 1200 1400 1600 

s = thickness or packed snow (cm) 

(J =density or packed snow (g/cm ') 

FIGURE 6 Relation between freezing index and depth of frost 
penetration. 

Freezing index, F CC·days) 
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~ ~(1_0_5_) ~~~-'\. 

.c 
P. 
" 0 
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P = O.SS g/cm' 

,...,._ 

" '').,.) 

FIGURE 7 A diagram solution of decrements in frost penetration 
depth. 
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TABLE 4 DECREMENT IN ANTIFROST LAYER THICKNESS BY THE PACKED SNOW IN 
SAPPORO (F 1 =100° C · days. F max = 500° C · days) 

Density of 
Road Classification packed snow 

(g/ cm3 ) 

Lz& 13 0.55 

L+ 0.50 

cover on the pavement (1 1), the maximum freezing index 
(Fmax), and snow-packed pavement conditions (S,p) are 
determined, decrement (li.Z) in frost penetration depth can be 
determined from the chart in Figure 7. 

The procedure that was followed in Figures 6 and 7 for 
Sapporo is as follows. 

DesiKn Conditions 

Snow-packed pavement condition: S = 20 cm, p = 0.55 g/ cm3. 

The h-curve is used here. 
Freezing index on the earliest date with continuous snow 

cover on the pavement (F 1): 100 (° C · days). 
The maximum freezing index (Fmax): 500 (°C · days). 

The reduced thickness of the antifrost layer is determined by 
multiplying li.Z (= 28 cm here) with the replacement ratio, 
which becomes 0.7 X li.Z = 20 cm. 

I. Up to F 1 (= 100°C · days) the frost penetration depth 
increases with the a-curve without snow. 

2. The intersection of the line drawn vertically from F 1 
represents Z 

1 
on the a-curve. 

3. The b-curve is moved parallel to the freezing index axis in 
the direction of the a-curve until it intersects the a-curve at Z 1• 

This displaced h-curve is called the c-curve. With packed snow 
on the pavement, the frost penetration depth increases with the 
c-curve, when F increases. 

4. The frost penetration depth of Za (I 05 cm) and Zc 
(77 cm), determined by a-curve and c-curve at Fmax, are the 
maximum depth of frost penetration with and without packed 
snow on the pavement. 

5. The difference in maximum depths, li.Z = Za - Zc, is the 
reduction in the frost penetration depth. 

TRAFFIC VOLUME CLASSIFICATIONS AND THE 
REDUCTION OF THE ANTIFROST LAYER THAT 
RESULT FROM THE THICKNESS OF PACKED SNOW 
ON THE PAVEMENT 

As was stated earlier, the traffic on low-volume roads was 
classified into four grades, L 1, L2, L3, and L4. The density of 
packed snow on the pavement (p) of the L4 grade is considered 

Decrement of antifrost layer 
thickness (cm) 

Packed snow thickness (cm) 
below 10 10 - 19 20 - 29 over 30 

0 

0 

10 20 20 

15 25 30 

to be0.50g/cm 3. On L 1, L 2,and L3 grades, it is0.55 g/cm 3. The 
decrement in antifrost layer thickness is then calculated for 
packed snow thicknesses of 0, I 0, 20, and 30 cm. 

The reduced thickness oft he a ntif rost layer under conditions 
of F 

1 
= I 00° C·days, and Fm ax = 500° C · days, as in the case of 

Sapporo, is shown in Table 4. For the grade L 1, which has the 
highest traffic volume among the L 1, L2, L3, and L4 
classifications, the packed snow on the pavement is disregarded; 
no reduction in the thickness of the antifrost layer is considered. 
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An Optimal Design Method To Rehabilitate 
Low-Volume Asphaltic Roads 
CESAR A. V. QUEIROZ, PAULO 5. M. C[oELHO, JOAO P. MAGALHAES, AND 

NEIL F. ROBERTSON 

A long-term pavement monitoring program that has been 
ongoing in Brazil for more than 10 years allowed the develop
ment of performance prediction models for as-constructed and 
rehabilitated pavements. The models, developed through 
multiple-regression analysis, can be used to predict pavement 
roughness, ravelling, and cracking as a function of significant 
variables that define pavement structure, environment, and 
traffic loads. These models are used to develop a design method 
that selects the optimal rehabilitation strategy over a defined 
analysis period. The design approach has been implemented as 
a microcomputer program that generates alternative strategies, 
predicts the performance of each strategy in comparison with 
allowable criteria, and finally produces a set of the five best, 
feasible strategies, according to the predicted life-cycle rehabil
itation cost. This design method can be used as a project-level 
pavement management tool that is compatible with the needs of 
low-volume road links in tropical and subtropical environments. 
In addition to producing optimum designs, it can also be used 
effectively to conduct a sensitivity analysis of the effects of 
critical input varia hies. 

In most developing and developed countries, significantly large 
proportions of the road network are carrying relatively low 
traffic volumes, but have reached a deterioration level that 
requires rehabilitation. Within any given set of policy and 
budgetary constraints, low-volume roads must compete for the 
allocation of maintenance and rehabilitation resources and 
funds with the more heavily trafficked sections of the road 
network. 

A pavement management system, applied at the network 
level , should provide the means for orderly identification of 
those road sections rehabilitation of which will contribute to 
minimizing the total costs of a road transportation system. The 
net work-level policy constraints must provide a balance between 
the competing demands of high-volume and low-volume 
components of the total road network . 

Having identified candidate sections, a need exists at the 
project level to select and quantify the best rehabilitation option 
for each section, again satisfying a set of design policy and 
budgeta ry constraints for the project. Optimization of rehabil
itation strategy, within a range of alternative strategies, can 
only be achieved through consideration of the life-cycle 
performance and costs of the road section, subject to periodic 
rehabilitation as defined by the strategy. 

C. A. Y. Queiroz, World Bank, 1818 H St. N.W. , Washington, D.C. 
P. S . M. Coelho and J. P. Magalhaes, Brazilian Road Research 
Institute (IPR/ ONER), Rodovia Presidente Dutra, km 163, 21.240, 
Rio de Janeiro, Brazil. N. F. Robertson, Ma in Roads Department, 
GPO Box 1412, Brisbane, Queensland, Australia 4001. 

A rehabilitation design method is presented that optimizes 
the selection of a rehabilitation strategy over a defined analysis 
period. Selection of the optimal strategy is based on the lowest 
present worth of total rehabilitation costs, predicted over the 
analysis period. Feasible strategies are ranked only on the basis 
of future highway agency costs, which do not include road user 
costs or initial pavement costs. 

The method was developed as a result of research into the 
observed performance of rehabilitated flexible pavements within 
the Brazilian road network that was conducted by the Brazilian 
Road Research Institute (IPR / DNER). The method is con
sidered to be well-suited to the selection and design of 
rehabilitation treatments for low-volume roads, because it 
makes use of performance models that are empirically derived 
from an extensive performance data base. The inference space 
of the data base includes the combined environmental and 
traffic effects of roads that carry approximately 500 to 5,000 
vehicles per day in subtropical and tropical environments. 

BACKGROUND OF THE DESIGN METHOD 

The scope of this rehabilitation design method encompasses 
slurry seals, single-and double-surfaced treatments, and asphalt 
concrete (AC) overlays as feasible treatments that may be 
employed during the analysis period. The basic hypothesis is 
that the most reliable and practical method of rehabilitation 
design is one that relies on pavement performance prediction 
models developed from experimental observations of rehabil
itated field sections over a number of years. 

Pavement performance data have been systematically col
lected on a large number of experimental sections that were 
specially selected within the Brazilian road network since 1977 
to develop empirical performance prediction models (1-3). This 
work was started as part of the Brazi!UNDP Study and has 
been subsequently continued (4) . Some of these sections have 
received alternative types of rehabilitation. They have provided 
a satisfactory data base for the development of performance 
prediction models for treatments such as slurry seals, surface 
treatments, and asphalt concrete overlays. 

The experimental sections that were used to develop the 
model are representative of unbound , granular-base flexible 
pavements that are generally located in a tropical to subtropical 
environment. The sections are all located between 15° and 25° 
south of the equator, where the mean temperature is about 
27° C in summer and 22° C in winter, and the range of extremes 
is about 10° to 40°C. Rainfall is in the range of 1200 to 1700 
mm / yr. These pavements are subject to a wide range of traffic 
levels. For example, total traffic (AADT) on the AC overlay 
sections is approximately 500 to 5000 vpd, and commercial 
vehicles are in the general range of 20 to 60 percent. 
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The inference space for the performance models is therefore 
considered to adequately encompass low-volume roads in 
subtropical to tropical environments. 

PAVEMENT PERFORMANCE PREDICTION MODELS 

The models that are incorporated into the rehabilitation design 
method are limited to the prediction of pavement condition in 
terms of roughness, cracking, and ravelling. In this context, 
cracking includes the occurrence of patching and potholes. Rut 
depths were consistently small for the experimental sections 
over the observation period; rutting was therefore not considered 
a significant performance criterion for this design method. 

Each condition variable is associated with several models, as 
shown in Table I. Together these provide the ability to predict 
initiation of cracking and ravelling, and progression of all 
condition variables for the pavement both before and after a 
rehabilitation treatment. The improvement in roughness 
achieved by an overlay is also modelled . It was found that slurry 
seals and surface treatments do not significantly change pave
ment roughness . 

TABLE I PERFORMANCE PREDICTION MODEL TYPES 

Condition 

Roughness 

Cracking 

Ravelling 

Nature of Model 

Progressi on 
Improvement due 

to t rea tment 
Init iatio n 
Progression 
Progression 
Initia tio n/ 

progression 
Initi a tion 
Progressio n 

Surfaci ng Type" 

EP, OL,SST,DST, SS 

OL 
OLb SS 
EP 
OL 

SS 
EPc, SST, DST 
EPc, SST, DST 

aEP = existing pave men t, either surface treatme nt or as phal t concrete; 
OL = asp halt concrete overlay; SST= single su rface t reatment; DST= dou ble 
r,urface treatme nt; and SS= slurry seal. 

Only if it is a n exis1ing asphalt concrete surfacing. 
cOnly if it is an existing surface t reatmen t. 

The Benkelman beam deflection has proved to be a highly 
significant independent variable for predicting roughness and 
cracking of overlays. An additional model to predict surface 
deflection after an overlay has therefore also been included. 
This model provides the means for estimating the equilibrium 
deflection after an overlay, on which the ongoing performance 
predictions are based. The principal model equations that have 
been adopted for performance prediction within this design 
method a re presented in the following sections together with 
qualifications or restrictions on their applicability. Development 
of the equations has been described elsewhere (1-3) . 

Roughness Models 

Road roughness is highly correlated with serviceability, and is 
the principal measurement of pavement condition that directly 
relates to vehicle operating costs ( 4, 5). It is therefore essential to 
predict roughness to evaluate life-cycle performance and costs. 
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In this paper, roughness is considered in terms of the QI 
(Quarter-Car Index) . The QI is a standard roughness summary 
statistic that can readily be calculated from surface profile 
measurements (e.g., using the rod and level procedure, or other 
profilometry technique) and also yields strong correlations with 
the output of response-type roughness instruments (6). 

As indicated in Table I, two types of roughness models have 
been incorporated. All terms used in these and subsequent 
models are defined in the list of symbols, abbreviations, and 
units at the end of this paper. 

The roughness progression for both original and rehabilitated 
pavements was adapted from a study by Queiroz (/). This 
model expresses QI as a continuous function of age, traffic, 
structural variables, and initial roughness. 

QI= 0.393A + 8.661ogN/ SNC 
+ 0.0000717(B · logN} 2 - DQ! ( 1) 

In the case of an asphalt concrete overlay, the structural 
capacity is upgraded, in which case SNC = SN Ca, and B = Ba, 
which was estimated by use of the deflection prediction model 
that is discussed in a later section. 

The term DQI is a constant offset term to ensure that the 
predicted QI value at age A is equal to the roughness measured 
at age A, in the case of an existing pavement, or is equal to the 
predicted QI after overlay (QllA), in the case of rehabilitation 
by AC overlay. The value QIIA is estimated by use of Equation 
3. 

Because the QI model (Equation I) is logarithmic in nature, it 
is not reliable for pavement or overlay ages and accumulated 
traffic close to zero. Consequently, the following transformation 
is used to yield more realistic QI trends at early ages. 

A' = (2/ 3)A + 0.5 (if A < 1.5) (2) 
A' = A (if A ~ 1.5) 

Roughness immediately after an AC overlay is expressed as a 
function of existing roughness and overlay thickness (3). 

t 

QI/A= 19 + (Qlb - 19)/(0.602H + I) (3) 

As was noted earlier, the QIIA value is used to determine a new 
DQI offset for model Equation I, for continuing prediction of 
the roughness progression of the overlay. 

Cracking Models 

Cracking is a critical surface indication of distress within the 
pavement structure. It represents a loss of pavement integrity 
that can lead to accelerated deterioration of strength and 
condition. Models that predict cracking behavior therefore also 
make an essential contribution to the prediction of life-cycle 
performance and the costs o(alternative rehabilitation strategies. 

In the context of this design method , cracking values 
(measured as a percentage of total pavement area) represent the 
occurrence of Class 2 cracking or worse (i.e., a crack width 
greater than I mm) , and include the presence of potholes and 
patching. 

Four cracking models are used to predict the age at which 
cracking first appears and the rate of progression of a cracked 
area of an existing asphalt concrete pavement, an AC overlaid 
pavement, and a slurry seal treated pavement. 
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In this design method cracking is assumed to be the primary 
distress determinant for pavements with asphalt concrete or 
slurry seal surfaces, but not for single- and double-surface 
treatments. 

The cracking progression for an existing asphalt concrete 
pavement is expressed as a function of surface deflection, 
accumulated traffic since construction, and age (J). 

CR = B·logN(0.0456 + 0.00501A) - 18.53 - DCR (4) 

The term OCR is a constant offset term calculated so that 
cracking values conform to the defined extent of cracking at the 
start of the analysis period . If the existing pavement has no 
cracks, it is assumed that it will begin to crack at the start of the 
analysis period. 

Cracking initiation for an AC overlaid pavement is expressed 
as a function of cracking in the existing pavement before 
overlay, thickness of overlay, surface deflection after overlay, 
and traffic since overlay (3). 

A/CR= (212.8 - 0.917CRb) (l/l681 ) I 
(((Ba - 19.45)AANC 0·336) + 0.01) (5) 

Because this expression includes the term AANC, it must be 
evaluated iteratively for nonzero traffic growth rates. A min
imum limit on Ba of 20 is assumed. 

The cracking progression model for an AC-overlaid pavement 
has a form similar to, and is related to, the progression model 
for an existing AC pavement , with the addition of the overlay 
thickness term (J). 

CR= Ba·JogN(2.257 + 0.248A) · /f(-1 ·806l - DCR (6) 

In this case, the OCR offset term is calculated to ensure that 
predicted cracking progresses from zero after age A equals 
AICR. As in the case of the roughness prediction model, the age 
transformation given in Equation 2 is used when AICR is less 
than 1.5 to avoid inaccuracy of the logarithmic model at early 
ages. 

Cracking initiation and progression of a pavement that was 
rehabilitated with a slurry seal surfacing is expressed as a 
function of deflection and cracking before treatment, and age 
since the slurry seal application (7). 

CR= (0.219B + 1.43CRb) · Y 

where 

Y =A - (10/CRb) for Y> 0 
otherwise 
Y=O 

Ravelling Models 

(7) 

(8) 

Cracks on surface-treated pavements are often difficult to 
identify because of the open texture. The alternative approach, 
which is used in this design method, is to quantify distress of 
surface treatments in terms of the amount ofravelling caused by 
traffic and environmental effects. 

As in the case of cracking, separate models are used to predict 
the onset of ravelling of either an existing or new surface 
treatment, and to predict the progression of ravelling. 
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The initiation of ravelling in a surface treatment is expressed 
as the surface treatment age at the onset of ravelling as a 
function of surfacing quality and average annual heavy traffic 
(2). 

lnAIR = 2.465 - 0.45CF - 0.189AAHV (9) 

where 

AAHV = 0.00001327N/A ( 10) 

Equation 10 was developed from a study of the relative 
distribution of heavy vehicle axle groups (single, double, and 
triple) that prevail in Brazil. 

The progression of the extent of ravelling is expressed as a 
function of average annual heavy traffic, age, and age of onset 
of ravelling. 

RA = (2.226AAHV + 16.6) · (A - AIR) ( 11) 

Surface Deflection Model 

The models that were presented earlier to predict the per
formance of asphalt concrete overlays (specifically, the models 
for roughness progression, Equation I; cracking initiation, 
Equation 5; and cracking progression, Equation 6) require a 
Benkelman beam surface deflection after the overlay. These 
models clearly show that although the deflection is not a 
measure of pavement deterioration, it influences the rate of 
deterioration. 

Another model lhal was developed from the data base of 
experimental overlay sections has been incorporated to predict 
surface deflection after an overlay, as a function of average 
deflection before the overlay and overlay thickness. 

The field data suggest that deflection after the overlay 
decreases gradually over a I- to 2-yr period following placement 
of the overlay, and finally reaches a "stabilized" value, which is 
denoted as Ba. 

(12) 

The design method assumes that the surface deflection B for 
any pavement configuration remains constant throughout its 
service life, until it is adjusted by the addition of an AC overlay . 
No reduction in deflection is attributed to slurry seals or surface 
treatments that were used as rehabilitation measures. 

REHABILITATION DESIGN METHOD 

Like most pavement design methods, this method requires a 
sequence of four major stages: 

• Selection of design sections, 
• Characterization of pavement and traffic, 
• Generation of rehabilitation alternatives, and 
• Selection of rehabilitation design. 

Execution of the first three stages requires the generation of a 
range of design inputs that can be grouped as the following six 
types: 
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• Surface deflection, 
• Roughness and present surface condition, 
• Existing traffic and growth projection, 
• Pavement and subgrade properties, 
• Rehabilitation unit costs, and 
• Criteria for terminal pavement condition and budget 

limitations. 

The roughness and condition of the existing pavement must 
be carefully documented using consistent measurement pro
cedures. Roughness measurement also requires attention to 
calibration to ensure that the scale of a statistic remains 
consistent over time. In Brazil, roughness is measured with the 
locally developed Linear Displacement Integrator, a response
type device that is calibrated to the QI scale by the rod and level 
procedure (6, 8). 

Within these groups, the actual data items listed in Figure 
can be generated by a highway agency relatively easily, without 
excessive commitment of expense or resources. A large-scale 
commitment to collect project-level pavement data on an 
extensive low-volume road network will commonly be difficult 
to justify. In this case, the data requirements of this design 
method are considered to be compatible with the practical 
limitations of data collection for a low-volume road network. 

The performance models demonstrate a reliance on surface 
deflection as a major independent variable. Deflections are 
measured with a Benkelman beam and an 18-kip single-axle 
load . It is recommended that tests include at least one deflection 
profile, with measurements taken every 40 m along the outer 
wheelpath of the existing pavement. Two staggered lines of 
profiles in the outer wheelpath on either side of the centerline 
are desirable for two-lane roads. 

The primary structural property required, apart from de
flection, is the modified structural number (SNC), which is 
defined as the pavement structural number corrected for the 
effect of subgrade strength (CBR) (9). Evaluation of the SNC 
will therefore require some knowledge of layer thicknesses and 
material types, and the subgrade CBR, which should preferably 
be evaluated for the in situ equilibrium moisture condition and 
density. Layer strength coefficients for the calculation of the 
structural number are normally selected by referring to normal 
agency practice, or published tables (9-11). 

GENERATION OF REHABILITATION ALTERNATIVES 

The objective of this design method is to arrive at a degree of 
optimization of rehabilitation treatment, in terms of comparison 

STRUCTURAL EVALUATION OF PAVEMENTS - STEP2 PROGRAM 
PROBLEM DESCRIPTION: LOW VOLUME ROAD - 10~ ALLOWABLE CRACKING 
1.00 - CHARACTERISTICS OF EXISTING PAVEMENT 

1.01 
1.02 
1.03 
1.04 
1.05 
1.0b 
1.07 
1.08 
1.09 
1. 10 

- CONDITION SURVEY DATE <MM/YY> 
- SURFACE TYPE <AC OR ST> 
- SECTION LENGTH <KM> 
- STRUCTURAL NUMBER CORRECTED (SNC> 

QUARTER-CAR INDEX (QI) 
- PERCENT CLASS 2 AND ABOVE CRACKING 
- PERCENT RAVELLING 
- BENKELMAN BEAM DEFLECTION (.01 MM> 
- ABE OF EXISTING PAVEMENT <YEARS> 
- PAVEMENT WIDTH <Ml 

2.00 - TRAFFIC DATA 

2.01 - INITIAL YEARLY <18-KIP) ESAL 
2.02 - GROWTH RATE <PERCENT PER YEAR> 

3.00 - UNIT COSTS 

3.01 - SLURRY SEAL (CZ$/MA2) 
3.02 - SINGLE SURFACE TREATMENT (C7S/MA2J 
3.03 - DOUBLE SURFACE TREATMENT <CZ$ / MA2) 
3.04 - ASPHALT CONCRETE OVERLAY <CZ$/MA3) 

4.00 - OVERLAY SURFACE CHARACTERISTICS 

06/86 
ST 

1.00 
3.5 

50.0 
(I. 0 
o.o 

80 
0 
7.0 

1:50,000 
3.0 

1.80 
3.60 
4.90 

275.00 

4.01 - DOUBLE SURFACE TREATMENT THICKNESS (CM> 2.0 
4.02 - DOUBLE SURFACE TREATMENT LAYER COEFFICIENT .04 
4.03 - ASPHALT CONCRETE MINIMUM THICKNESS (CM> 3.0 
4.04 - ASPHALT CONCRETE MAXIMUM THICKNESS AT ONE TIME <CM> 12.0 
4.05 - ASPHALT CONCRETE MAXIMUM TOTAL THICKNESS <CM> 20.0 
4.06 - ASPHALT CONCRETE LAYER COEFFICIENT .17 

5.00 - CONSTRAINTS 

5.01 - MAX. ALLOWABLE ROUGHNESS (QI) 
5.02 - MAX. PERCENTAGE OF CRACKING 
5.03 - MAX. PERCENTAGE OF RAVELLING 
5.04 - ANALYSIS PERIOD <YEARS) 
5.05 - MIN. TIME BETWEEN OVERLAYS CYEARS) 
5.06 - MAX. NUMBER OF OVERLAYS WlTHIN ANALYSIS PERIOD 
5.07 - MAX. INITIAL CONSTRUCTION COSTS <CZ$/ KM> 
5.08 - MAX. PRESENT VALUE OF FUTURE COSTS <CZ$ / KMl 
5.09 - AVERAGE DISCOUNT RATE <PERCENT PER YEAR> 
FIGURE I Sample printout of STEP2 inputs. 

60.0 
10.0 
30.0 
20 
e 
3 

100, (100. 00 
50,00(1.00 

11 
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a nd ranking of a range of feasib le alternat ive strategies 
according to their relative life-cycle rehabilitation costs. A 
microcompute r program for Structural Evaluation of Pave
ments, STEP2, was written to perform the data handling and 
computations necessary to achieve this objective (/ 2). 

In this program, the existing pavement performance is 
simulated, using models that were presented in this paper, for 
the length of the analysis period or until a limiting criterion 
(roughness, cracking, or ravelling) is reached. The pavement 
condition descriptors of roughness, cracking, and ravelling are 
estimated at biannual intervals. 

If the defined limit for any of the condition descriptors is 
reached , rehabilitation is required. In this case, STEP2 begins 
to generate rehabilitation strategies by selecting from eight 
permissible treatments (slurry seal, single- and double-surface 
treatments, and five thicknesses of asphalt concrete overlay, 
calculated between user-defined limits). Performance simulation 
continues with the selected treatment, again until a pavement 
condition limit is reached, in which case a further treatment is 
selected and simulated, or until the end of the analysis period is 
reached. 

In this way, a great number of rehabilitation strategies 
(different treatments scheduled in different years) are generated . 
Many of these will be rejected because they are not feasible if 
they do not s;itisfy the 11ser-rl efinerl constraints of minimum 
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treatment life, maximum number of treatments, maximum 
allowable roughness, cracking and ravelling, and budget limita
tions. The feasible strategies are stored and sorted by total 
rehabilitation cost, which is discounted to net present values . 

The output from STEP2 consists of an echo-print of input 
data, the performance simulation (i.e., accumulated traffic and 
condition descriptors versus time) of the existing pavement, a 
ranked summary of the five least-cost strategies, and the 
performance simulations for each of these strategies. 

The results of a rehabilitation design for an existing new 
double-surface treated pavement that carries 200 commercial 
vehicles per day are shown in Figures I and 2. The as
constructed pavement has a modified structural number of 3.5 , 
a Benkelman beam deflection of 80 hundredths of a mm, an 
initial roughness (QI) of 50 counts / km, and no cracking or 
ravelling. The analysis period is 20 yrs, with a maximum of 
three treatments allowed, and a minimum treatment life of 8 
yrs. The criteria for future rehabilitation intervention are a 
maximum roughness of 60 counts/ km, a maximum ravelling of 
30 percent, and, in this case, a particularly stringent maximum 
allowable cracking of 10 percent, to test the effect on the lifc
cycle cost of imposing a policy of a high condition standard. 

The performance models assume that, for the existing 
pavement, ravelling begins immediately. Intervention is there
fore needed after 1.5 yrs . In this case , the five best designs all 

LOW VOLUME ROAD - 10% ALLOWABLE CRACKING 

PREDICTED PERFORMANCE OF EXISTING PAVEMENT 

DATE AGE TRAFFIC ROUGHNESS CRACKING RAVELLING 
!VEAR> (YEARS> !ESALx10" 5) (QI) (% AREA> (% AREA> 
--·-------------·------·----·---·---·--------·---·--·----

1986 o.o 0 50 0 
0.5 0.74 52 0 

1987 1.0 1.50 53 0 
1. s 2.27 54 0 

<•> - % RAVELLING HIGHER THAN MAXIMUM ALLOWABLE 
18 PHYSICALLY FEASIBLE ALTERNATIVES EXAMINED 
18 ECONOMICALLY FEASIBLE ALTERNATIVES FOUND 

5 LEAST COST ALTERNATIVES SELECTED 

0 
11 
21 
32 <*> 

SET OF THE FIVE BEST STRATEGIES, SORTED BY TOTAL COSTS 

NO. TOTAL COST OVERLAY TYPE 
(CZ!ll/KM> 

135,431 ASPHALT CONCRETE (7.5 CM) 
DOUBLE SURFACE TREATMENT 
SLURRY SEAL 

2 137,077 ASPHALT CONCRETE (7.5 CM> 
DOUBLE SURFACE TREATMENT 
SINGLE SURFACE TREATMENT 

3 138,266 ASPHALT CONCRETE (7.5 CM> 
DOUBLE SURFACE TREATMENT 
DOUEILE SURFACE TREATMENT 

4 141,331 ASPHALT CONCRETE !7.5 CM> 
DOUBLE SURFACE TREATMENT 
ASPHALT CONCr~ETE (3 CM> 

5 146,991 ASPHALT CONCRETE (7.5 CM) 
DOUBLE SURFACE TREATMENT 
ASPHALT CONCRETE (5.3 CM> 

DATE COST 
<CZ$/KMl 

1987 123,455 
1997 10,330 
2(J05 1, 647 

1987 123,.455 
1997 10,330 
2005 3,293 

1987 123.455 
1997 10,33(1 
2005 4,482 

1987 123,455 
1997 10,330 
2005 7,547 

1987 123,455 
1997 10,330 
2005 13,207 

--------·-------------·------------------------------------------
FIGUR E 2 STEP2 output for sample problem. 
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have the same recommended strategy for most of the analysis 
period. For instance, a 75-mm AC overlay after 1.5 yrs has a life 
of 10 yrs. This is followed by a double-surface treatment that 
extends the life 8 more years. The alternatives only vary in the 
final treatment that is recommended close to the end of the 
analysis period. 

PAVEMENT MANAGEMENT APPLICATIONS 

This design method was primarily intended to satisfy the needs 
of project-level investigation and the rehabilitation design of 
road sections, particularly relatively short, homogeneous sub
sections that were identified on the basis of relatively uniform 
pavement structure, structural response, traffic, and condition. 
It satisfies the desirable objectives of project-level pavement 
management, in terms of providing a means for optimizing the 
effectiveness offuture rehabilitation programs for road sections. 
In doing so, it makes use of obtainable data on pavement 
characteristics that are obtained relatively easily, a set of 
compatible performance prediction models that are derived 
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from a lengthy period of experimental observation of in-service 
roads, and a set of design criteria that are normally determined 
by highway agency policy. 

The inference space for the performance models covers a 
wide range of traffic levels, including low volumes, in a tropical 
to subtropical environment. It covers relatively simple pavement 
and surfacing types and rehabilitation treatments, including 
those that commonly prevail in developing countries and in 
large parts of the road networks in the warmer regions of 
developed countries. The performance models can be considered 
suitable for application in network-level pavement management 
in such regions. 

The design approach that was implemented in the STEP2 
program provides the ability to more easily investigate "what if" 
questions, such as the effects of relative trends in unit prices, 
trends in traffic growth, or different levels of design policy or 
budget constraints. The ability to readily investigate the 
sensitivity of the design outcome to particular design inputs is 
recognized as a valuable contribution to effective decision 
making and administration in the planning and design of road 
networks. These capabilities should be included in pavement 
management practices at both the network and project level. 

PREDICTED PERFORMANCE - STRATEGY NO 1 

DATE AGE TRAFFIC ROUGHNESS CRACKING RAVELLING TREATMENT 
<YEARS> (ESALx 10"'5) (Qil ('Y. AREA> ('Y. AREA> 

----------------------------------------------------------------
1987 1.5 .o 25 0 0 AC (7.5 CMl 

2.0 .78 21!. 0 0 SNC . 4.78 
2.5 1.57 27 0 0 B . 40 
3.0 2.37 27 0 0 
3.5 3.18 28 0 0 
4.0 4.01 28 0 0 
4.5 4.85 29 0 0 
5.0 5.70 29 0 0 
5.5 b.56 30 0 0 
b.O 7.44 30 0 0 
6.5 8.32 30 1 0 
7.0 9.23 31 2 0 
7.5 10.14 31 3 0 
8.0 11. 07 31 4 0 
8.5 12.01 32 4 0 
9.0 12.97 32 5 0 
9.5 13.94 32 b 0 

10.0 14.93 32 7 0 
10.5 15.93 33 8 0 
11. 0 16.94 33 9 0 
11.5 17.98 33 10 <1> 0 

1997 11.5 .o 33 0 0 DOUBLE ST 
12.0 1.05 33 0 0 SNC "' 4.86 
12.5 2. 11 34 0 0 B "' 40 
13.0 3. 18 34 0 0 
13.5 4.28 34 0 0 
14.0 5.39 34 0 0 
14.5 6.51 35 0 0 
15.0 7.66 35 0 0 
15.5 B.82 35 0 0 
16.0 9.99 35 0 0 
16.5 11. 19 36 0 0 
17.0 12.40 36 0 0 
17.5 13.63 36 0 0 
18.0 14.88 36 0 0 
18.5 16.15 37 0 9 
19.0 17.43 37 0 21 
19.5 18.74 37 0 33 <2> 

2005 19.5 0 37 0 0 SLURRY SEAL 
20.0 1 ~32 37 11 0 SNC -4.86 
20.s 2.67 38 39 0 B - 40 

----·------------·-·-----------·------------------------------------------
<1> - 'Y. CRACl<ING HIGHER THAN MAXIMUM ALLOWABLE 
<2> - 'Y. RAVEL.LING HIGHER THAN MAXIMUM ALLOWABLE 

FIGURE 2 continued 
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TABLE 2 EFFECTS OF ALLOWABLE CRACKING POLICY 

Allowable Optimum Rehabilitation Strategy 
Cracking 
(%) Type Date 

JO 75-mm AC overlay 1987 
Double ST 1997 
Siu rry seal 2005 

30 53-mm AC overlay 1987 
Double ST 1999 

50 53-mm AC overlay 1987 
Single ST 2004 

For example, when the analysis that is summarized in 
Figure I is repeated with policies of lower allowable standards 
of condition (allowable cracking of 30 and 50 percent), another 
set of optimum designs and performance results. These results 
are summarized in Table 2. They demonstrate that lower 
allowable standards, with a fixed minimum service life of a 
treatment, lead to lighter optimum strategies and, of course, a 
significantly lower cost. An agency's rehabilitation costs are 
directly related to its policy standards for minimum acceptable 
condition. 

CONCLUSION 

An approach to the design of rehabilitation treatments for 
low-volume roads has been demonstrated that results in a form . 
of optimization of feasible strategies that are applied over an 
analysis period. 

The method is centered on a set of pavement performance 
prediction models that were developed from an extensive 
performance data base that was compiled in Brazil. By predicting 
progressive deterioration of roughness, initiation and progres
sion of cracking and ravelling, and the effects of rehabilitation 
treatments on pavement condition, these models allow the life
cycle performance of a range of feasible strategies to be 
predicted. This in turn leads to a comparison of alternative 
rehabilitation designs. 

The design approach has been implemented on a micro
computer program that generates alternative strategies, predicts 
performance of each strategy compared with allowable criteria, 

and finally produces a set of the five best feasible strategies 
according to the predicted life-cycle rehabilitation cost. 

This design approach can therefore be used as a project-level 
pavement management tool that is compatible with the needs of 
low-volume road links in tropical and subtropical environments. 
In addition to producing optimum designs, it can also be 
effectively used to conduct a sensitivity analysis of the effects of 
critical input variables. The performance models can also be 
applied to the pavement management of low-volume road 
networks. 
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SYMBOLS, ABBREVIATIONS, AND UNITS 

QI 

A 

N 

SNC 
B 

Quarter-Car Index measure or prediction of roughness 
(counts/ km). 
Age of pavement since original construction, or since 
subsequent AC overlay or slurry seal, in years. 
Cumulative number of applications of equivalent 
standard (8.2-ton) axle loads, corresponding to age A. 
Modified structural number for the existing pavement. 
Benkelman beam maximum deflection for the existing 
pavement (0.01 mm). 
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DQI 

SN Ca 

Ba 

QIIA 
Qlb 
H 
CR 

DCR 

Initial QI offset term, calculated at the start of the 
analysis period or after an overlay. 
Modified structural number for a pavement with an 
AC overlay. 
Equilibrium Benkelman beam deflection after an AC 
overlay (0.01 mm). 
Predicted QI immediately after an AC overlay. 
QI value immediately before an overlay. 
Overlay thickness in cm. 
Predicted extent of Class 2 or worse cracking at age A, 
for a pavement with AC surface (original or overlaid) 
or slurry seal surface (percent of pavement surface 
area). 
Cracking offset term, calculated to ensure that pre
dicted cracking conforms with the initial value at the 
start of analysis, or to ensure that CR equals 0 before 
the onset of cracking. 
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AICR Age since the last overlay when cracks first appeared 
in years. 

CRb Extent of cracking present before overlay or slurry 
seal (percent of area). 

AANC Average annual traffic in the period between overlaying 
and appearance of the first crack (ESAL/ yr). 

RA Predicted extent of ravelling .at age A for a surface 
treated pavement (percent of surface area). 

AIR Age of surface treatment when ravelling appeared in 
years. 

CF Construction quality indicator for surface treatments. 
Here it is assumed that CF equals I for a single-surface 
treatment; CF equals 0 for a double-surface treatment. 

AAHV Average annual heavy vehicle traffic in the period 
between surface treatment and the onset of ravelling 
( 100,000 ESAL/ yr). 

The Maintenance and Design System: A 
Management Aid for Unpaved Road 
Networks 
A. T. VISSER AND P. C. CURTAYNE 

The Maintenance and Design System (MDS) is a model that 
was developed to determine the effects of alternative mainte
nance budgets on the vehicle operating costs of a network of 
unpaved roads. It also is used to identify those roads for which 
an upgrade to a bituminous standard would be economically 
justified. It can be used in the framework of a management 
system to assess a desirable level of funding and the way 
resources should be allocated. It also indicates the distribution 
of work needed over the network in physical terms. This 
application is illustrated by means of a case study in which 
assumptions inherent in the model are indicated and recom
mendations are made for further research. Although a need 
clearly exists for improving the accuracy and scope of the MDS, 
the fact that it provides an orderly framework for collecting and 
evaluating the characteristics and needs of unpaved networks is 
in itself significant. Discrepancies between the system's outputs 
and practice can be corrected with experience for each region in 

National Institute for Transport and Road Research, Council on 
Scientific and Industrial Research, P.O. Box 395, Pretoria, 000 I, South 
Africa. 

which it is applied. Maintenance operations can then be 
effectively controlled and budget requests can routinely be 
supported on economic grounds. 

In many countries the majority of low-volume roads are 
unpaved and account for substantial proportions of the mainte
nance budget. The financial and operational management of 
this maintenance has traditionally been informal, and has 
largely been based on historical precedent. The lack of quantita
tive expressions that relate maintenance needs to local cir
cumstances meant that managers had to rely on the experience 
and judgment of regional operators to apply appropriate 
maintenance routines. Decisions to pave gravel roads have 
similarly often been ad hoc and based on a general traffic 
volume criterion or a political objective. 

The use of the Maintenance and Design System (MDS) 
model has proved to be a valuable aid in assessing the level and 
distribution of maintenance needs of unpaved road networks 
and in programming projects to upgrade roads to a paved 
standard (J, 2). This model is based on relationships that 
describe the behavior of unpaved roads that were derived from 
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the results of the Brazil study (3). Although the results of the 
model are not necessarily particularly accurate for individual 
roads, if it is used within the framework of a management 
system the following important questions can be formally 
addressed: 

• What would the optimum levtl of maintenance expendi
ture be for the network? 

• What would be the economic consequences of a marginal 
increase or decrease in the current budget? 

• What is the most suitable distribution of available funds 
among the various regions? 

• What provision should be made for regraveling? 
• What would be expected to be an appropriate motor 

grader complement? 
• What would be the most advisable upgrading program 

under the current physical and economic conditions? 

An overview is first given of the structure of the MOS. The 
management system's application and the way these questions 
are addressed are then illustrated by way of a case study. 
Finally, the status of the MOS and further research require
ments are discussed. 

OVERVIEW OF THE MAINTENANCE AND DESIGN 

The MOS is composed of a suite of programs that are based on 
a set of prediction relations that were principally based on the 
Brazil study (3, 4). The development of the MOS has been fully 
described previously; only a brief outline of the nature of the 
prediction relations and the way they are used in the assessment 
models is given. 

Prediction Relations 

The following three types of relations are used: 

• The physical aspects and performance of unpaved roads, 
• Vehicle operating costs as a function of road roughness 

and geometry, and 
• The rate of deterioration of paved roads. 

A number of empirical relations were derived from observa
tions of 46 unpaved road sections during the Brazil study (3, 4). 

These relations are summarized in the following table, in which 
the various parameters governing the performance of these 
roads are shown to have been related to a series of independent 
variables. Although these relations are still weakly defined in 
many respects, they represent a significant improvement in 
quantifying unpaved road behavior. 

Dependent Variables 

Roughness 
Rut depth 
Gravel loss 
Blading efficiency 
Passability 
Cover thickness 

lndepe~dent Variables 

Time 
Traffic characteristics 
Material properties 
Climate 
Topography 
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Another important objective of the Brazil study was to relate 
the operating costs of various vehicle classes to road roughness 
(5). The applicability of these results to South African conditions 
is still being investigated, but preliminary adaptations to the 
Brazil results are currently used to determine the road user costs 
of predicted levels of roughness. 

The need to pave a gravel road is assessed by comparing the 
total (user and agency) cost of continuing with the unpaved 
road with the cost of providing a paved road over a given 
analysis period (6). For the purposes of this evaluation, the user 
and maintenance costs associated with an average rate of 
deterioration of a light pavement structure are assumed. 

MDS Assessment Mode! 

The model operates in the following three steps: 

• Ranking of alternative blading strategies on individual 
uniform sections of road in terms of total cost; 

• Optimizing the blading strategy for a network of unpaved 
roads subject to a budget constraint and other criteria such as 
the need for certain roads to be passable throughout the year; 
and 

• Detennining econon1ic warrants for paving particular 
roads in terms of traffic volumes. 

The structure of the first of these steps is illustrated in 
Figure I. The analysis first considers the cost of regraveling 
and then calculates the cost consequences of different blading 
strategies. The condition of each pavement is simulated until an 
equilibrium of costs and road condition is reached under a given 
strategy. The condition and costs in this stage are taken as 
representative of the strategy. 

The cost arrays generated for each road section are then used 
in a dynamic programming procedure to assign the optimum 
blading strategy to each section for a given budget. The 
advantages of an incremental change in unpaved road mainte
nance expenditure can be expressed in economic terms by 
choosing a range of budgets (see Figure 2). 

In this representation, the marginal benefit-cost ratio is given 
as a function of the total maintenance expenditure on blading. 
The marginal benefit-cost ratio is the ratio of benefits that 
accrue by way of reduced vehicle operating costs to an 
incremental maintenance cost. The point at which the ratio 
pas<;es through unity is the optimum budget. The curve is 
bounded to the left by the so-called minimum blading budget. 
This is the least expenditure for which the theoretical require
ments of the model can still be met. The theoretical requirements 
are (a) a relationship that assumes a higher cost of blading with 
increasing road roughness; and (b) a "balanced" blading policy 
that requires the roads of the network to be bladed in such a way 
that the marginal benefit of additional blading on all roads is 
the same. 

It is clearly possible to operate with lower budgets than this 
minimum, but this would mean that certain roads would be 
neglected in deference to others. 

The economic warrant for upgrading a gravel road is taken to 
be that traffic volume at which the equivalent uniform annual 
cost (EU AC) of providing and maintaining a paved road equals 
the E lJ AC of the unpaved road over an analysis period, for 
instance the traffic volume at which: 
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Yl!:S 

Determine optimal 
regrave lling strategy 

--+~Generate blading alternatives 

NO 

Nu 

Calculate associated 
rood closure costs 

rint : Infeasible to 
use road without 
gravel 
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Generate annual roughness profile, 
annual average roughness and 1T10ximum 
rut depth for each yea- of analysis period 

Generate Cl'll'IUOI discounted user 
and road maintenance costs 

Place results in cost array 

NO YES Order the st rategies 
m terms of increasing 
discoun ted total costs 

Pri nt the 10 urlons, 
associated costs and 
levels of service 

FIGURE I Simplified flow chart of the Maintenance and Design System. 

where 

cp = 
MP= 
up = 
Mu= 
uu = 

EUAC of construction cost of paved road, 
EUAC of maintenance cost of paved road , 
EUAC of road user cost on paved road, 
EUAC of maintenance cost of unpaved road, and 
EU AC of road user cost on unpaved road. 

The time at which a given road should be considered for 
paving can be predicted by assuming a traffic growth value. 

The MOS can be used to advantage in planning the actions to 
be taken on an individual road . However, because of the 
remaining weaknesses in many of the relations and assumptions, 
the results may easily be overridden by local factors and should 
therefore be recognized only as a guide. The benefits of the 
MOS are much more fully realized when it is used in the context 
of a management system for an unpaved road network in much 
the same way as pavement management systems at the network 
level. This is illustrated in the following sections in terms of a 
summary of a roads needs study of the regional authority of 
Gazankulu that was performed on behalf of the Department of 
Transport (7) . 

CONDITIONS IN GAZANKULU 

Gazankulu consists of four districts: Giyani, Malamulele, 
Rita vi, and Mhala . The length of road in each district is given in 
the following table. The traffic distribution of these roads, 
which is shown in Figure 3, is predominantly light (62 percent 
of the network carries less than 200 vpd), but certain gravel 
roads carry up to 700 vpd. Current development in the region is 
expected to generate a high traffic growth rate during the first 5 
years ( 19 percent per annum for cars and 16 percent per annum 
for heavy vehicles) . Thereafter, traffic growth is expected to 
settle down to an annual rate of 2 percent. 

DiJtrict 

Giyani 
Malamulele 
Rita vi 
Mhala 

Total 

Length of' Unpal'l!d 
Roads (km) 

445 .8 
278 .9 
107.4 
236.1 

I 068.2 

Prediction models have thus far only been derived for 
lateritic and quartzitic materials. In any study, therefore, apart 
from determining the material properties such as grading and 
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FIGURE 2 Total transport cost as a function of the blading budget for the Bronkhorstspruit network. 
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FIGURE 3 Traffic distribution on unpaved roads in Gazankulu in lll84. 

CBR, each material has to be classified as either laterite-like or 
quartzite-like according to the hardness and angularity of the 
material. In this regard, most of the region uses a quartzite-type 
material. However, in one district, Mhala, the quartzitic sand 
available is of such a poor quality that its properties are outside 
the calibration range of the model and the results for this district 
are therefore suspect. 

The four districts lie mainly in a flat ~errain that has an 
average 214-day dry season. However, some of the roads in the 
Giyani and Mhala districts are in rolling or mountainous 
terrain with an average 150-day dry season. 

Grader productivity is clearly an important factor in deter
mining the cost of providing a given level of service. The base 
daily cost of operating a motor-grader was taken as R4 IO, and 
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250 available working days per operator were assumed. This , 
however, represents ideal conditions and does not take into 
account time lost through traveling, servicing, inclement 
weather, and leave. It is therefore necessary to apply a suitable 
correction factor, the so-called productivity factor, to represent 
(a) the proportion of an operator's available working time that 
is actually used for blading operations, and (b) his working 
efficiency. 

The productivity factor relates actual productivity to the 
theoretical value used in the MDS. Because a suitable factor for 
Gazankulu was not available, two values were considered. The 
first was a high value of 63 percent that was previously found to 
pertain to an efficiently maintained district elsewhere and the 
second was a value of 30 percent for comparison. 

RESULTS OF THE BLADING ANALYSIS 

The results of the analysis of the blading requirements of the 
district of Giyani for each productivity factor are shown in 
Figure 4. An optimum budget of R292 000 is shown in the 
figure for a factor of 0.63. The minimum balanced budget is 
R 115 000. Although lower levels of funding are possiblr. in 
practice, they are not feasible under the theoretical "balanced" 
blading policy. 

The desirable level of funding was defined as that which gave 
a marginal benefit-cost ratio of four, because investments with 
this return would normally be considered sufficiently eco
nomical to attract additional funding if required. In this case the 
desirable level was R 180 000. 

The analysis for all four districts using both productivity 
factors is summarized in Table I. In each case the associated 

TABLE I S UMMARY OF BLADING BUDG ETS 
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400 

of benefit-cost ratio for different grader 

number of motor-graders is given for each district; because each 
district has its own complement, the numbers are rounded up to 
the next integer. 

The total desirable budget varies between R50 I 000 and 
R830 000, which is roughly in proportion to the indicated 
productivity. There is, however, a relatively small difference in 
terms of plant requirements for the two cases . This is mainly 
because relatively small networks were considered and the 
predicted figures are rounded up to integers. Nevertheless, for 
the lower productivity, the number of times each link would be 
bladed annually would be lower than for a higher productivity. 
Consequently, the level of service would be lower. 

Note that the required number of motor-graders given does 
not account for down time f?r servicing, maintenance, and 

District Productivity Minimum Maintenance budget Number of Optimum Number of 

factor balanced for the marginal motor-graders maintenance motor-graders 

maintenance benefi t -cost ratio required budget required 

budget of 4 

Giyani 0,63 RllS 000 Rl80 000 1,66 " 2 R 292 000 2,94 " 3 

0,3 R230 000 R300 000 2, 72 " 3 R 430 000 4,23 " 5 

Malamulele 0,63 R 90 000 Rl35 000 1,31 " 2 R 184 000 1,80 " 2 

0,3 Rl80 000 R220 000 1,96 2 R 296 000 2,86 " 3 

Rita vi 0,63 R 37 000 R 61 000 0,61 " R 96 000 0,97 " 

0,3 R 72 000 RlOO 000 0,88 :t R 145 000 1,44 " 2 

Mhala 0,63 R 80 000 Rl25 000 1,23 " 2 R 206 000 2,06 " 3 

0,3 Rl57 000 R210 000 2,05 " 3 R 300 000 2,99 " 3 

Total 0,63 R322 000 RSOl 000 7 R 778 000 9 

0,3 R639 000 R830 000 9 Rl 171 000 13 
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repairs . This number should therefore be adjusted according to 
what is considered reasonable for the operating conditions of 
the region. 

Certain external constraints similarly affect productivity, for 
which adjustments can be made using the productivity factor to 
give applicable results. The external constraints include the 
geographic character of the maintenance district; whether 
blading is executed from a central depot or decentralized; and 
the availability of a plant. 

For a given budget and productivity factor, the number of 
times per year each link should be bladed , as well as the interval 
between bladings in the wet and dry seasons , respectively, are 
computed . An example of an output of these calculations is 
given in Figure 5. Such outputs provide a convenient basis for 
planning and controlling blading schedules. 

RESULTS OF THE REGRAVELING ANALYSIS 

Regraveling is the most expensive maintenance activity on 
unpaved roads. Adequate provision must be made for it in the 
budget if the roads are to be kept serviceable at a reasonable 
cost. The MOS predicts the annual loss and its replacement cost 
for each link in the network . 1 n this study, a unit cost of 
R6.00/ m 3 for regraveling, including transportation, placement. 
and compaction, was used. The results for the four districts are 
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summarized in Table 2, in which the total annual loss for the 
region is given as 167 000 m 3 with a replacement cost of R 1.0 
million. 

In other studies in South Africa, it was found that gravel loss 
predictions in data of the Brazil study agree well with actual 
values. However, the accuracy of the values for the poor, sandy 
materials found on some of the Gazankulu roads is unknown 
and will have to be monitored . It has also been found that road 
authorities tend to use additional gravel (up to 50 percent) to 
make minor improvements to roads when regraveling; a 
suitable allowance for this should therefore be made in the 
budget. 

TABLE 2 SUMMARY OF THE PREDICTED ANNUAL 
GRAVEL LOSS 

Annual G ravel Replacement 
District Loss (m17) Cost (R) 

Giyani 67 900 407 400 
Malamulele 36 400 218 400 
Rita vi 13 700 82 200 
Mhala 48 500 291 000 

Tota l 166 500 999 000 

BLADING FREQUENCIES FOR A GIVEN MAINTENANCE BUDGET 

GAZANKULU-MALAMULELE 

BLADING BUDGET = R220 000 

ROAD LINK LENGTH NO. OF FREQUENCY FREQUENCY 

(KM i BLADINGS DRY SEASON WET SEASON 

PER YEAR (DAYS) (DAYS) 

D202 D203-D204 S,S 9 3S so 

D202 D204-D20S 7,6 6 S3 7S 

D202 D20S-D207 6,9 6 S3 75 

D203 Gl-17-0202 2,2 7 S3 50 

D204 AD202-Gl-17 3,6 9 3S so 

D204 Gl-17-1 1,0 9 3S so 

.... ... .... 

.. ... . . . ... 

.. ...... ... 
D216 D214-D21S 5,9 9 35 50 

D217 AD214-D213 4,9 6 53 7S 

Gl-12 D213-Gl-13 13,0 8 42 so 
NUMBER OF GRADERS REQUIRED FOR DISTRICT = 1,96 

FIGURE 5 Recommended number of bladings for roads in Malamulele for 
blading budget of R220 000 at lower productivity. 
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RESULTS OF THE UPGRADING ANALYSIS 

As explained earlier, the economic warrant for upgrading a 
gravel road to a paved standard is that traffic volume for which 
the discounted maintenance, construction, and user costs of 
providing and using a paved road are equal to the cost of 
maintaining and using it in its unpaved state. This is defined as 
the "break-even traffic volume," T0. The year in which paving 
should take place is determined by comparing T0 with the traffic 
volume predicted for each successive year. Note that the cost of 
paving does not include geometric or drainage improvements. 
For budgeting purposes, these will have to be added according 
to what improvements are likely to be done. 

The upgrading requirements of the Gazankulu network were 
evaluated for a 10-yr planning horizon. Two values of paved 
road construction ~nd maintenance costs were considered for a 
20-yr design period, namely R60 000/km and RlOO 000/km, 
to test the sensitivity of the results to actual local costs. These 
costs exclude major geometric or drainage improvements. It 
was further assumed that the productivity factor is 0.63; the 
actual maintenance budget is two-thirds of the optimum; and 
the discount rate is 8 percent. 
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The results are summarized in Figure 6, which shows for 
each construction cost the length of road currently eligible for 
upgrading and the length becoming eligible in each successive 
year. These lengths are converted to upgrading costs on the 
right-hand axis. A budget profile is suggested in Figure 7, for 
each construction cost, that would eliminate the backlog of 
upgrading work by 1990 and would thereafter accommodate 
newly eligible projects. These results indicate that up to 1990 an 
average of between R3.4 and R4.8 million, depending on 
construction costs, should be provided for upgrading annually. 

In the earlier analysis, T0 was derived by directly comparing 
road user costs with those of the road authority. However, in 
the blading analysis it was suggested that the authority might 
select a budget level at which the marginal benefit-cost ratio is 
four. This is equivalent to choosing an optimum budget in 
which benefits are assumed to have one-quarter of their 
nominal value; for instance, they are rated a quart'er as 
important as authority costs. To make the warrants analysis 
compatible with this, it was repeated with road user costs taken 
at a quarter of their actual value . Because benefit values are 
greatly reduced, the length to be upgraded is greatly reduced. A 
comparison of budget profiles is shown in Figure 8 for the two 
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FIGURE 8 Comparison of the budget profiles for reducing the 
backlog in upgrading works. 

cases (for a construction cost of R60 000/ km). An average of 
R 1.8 million per annum should be provided up to 1990 for the 
case of reduced benefit values. .,..,.. • 

SUMMARY OF RESULTS 

The results of the analysis of the needs of the unpaved roads of 
the Gazankulu region are summarized in Table 3. There is a 
wide variation in total fund requirements depending on whether 
a high marginal benefit-cost ratio or an optimum economic 
solution is chosen. However, there is only a small difference in 
the grader complement. In order to define overall needs, 
however, the grader complement should be adjusted for down 
time, work on paved and tertiary roads, and maintenance 
arrangements. 

DISClJSSION OF RESULTS 

Despite uncertainties about some of the relations in the model 
and the assumptions inherent in the procedures, the use of the 
M DS in the network analysis has been found to be a significant 
advance in the management of unpaved roads. 
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TABLE 3 ESTIMATED TOTAL COSTS FOR GRADER 
PRODUCTIVITY FACTOR OF 0.63 

Marginal Optimum 
Benefit-Cost Economic 
Ratio of 4 Solution 

Blading costs R 500 000 R 780 000 
Regraveling costs 

Replacement RI 000 000 RI 000 000 
Betterment R 500 000 R 500 000 

Upgrading costs RI 800 000 R4 800 000 
(R60 000/km) 

Total R3 800 000 R7 080 000 

Grader Complement 7 9 

In the first place, it provides a good idea of the maintenance 
requirements of an authority in terms of plant, blading 
operations, regraveling, and upgrading. In addition, an indica
tion is given of the economic implications of operating at 
budget levels different from that shown to be desirable. This 
type of information is particularly useful when funding is 
negotiated with an external agency. 

Once the basic work has been done, divergencies of predicted 
values from the case in practice can be determined. These can 
arise from managerial problems, technical problems, or situa
tions in the field to which the p:lrnmeters in the model are not 

applicable. Problems can thereby be identified and rectified as 
far as possible and adjustments can be made to the model to 
reflect local conditions more accurately. The "calibrated" 
model can then be used in that region as an important 
management tool. For example, it can be used to regularly 
reassess funding and resource needs; plan and control mainte
nance operations; and program upgrading projects and justify 
them in economic terms when they are in competition with 
other capital works. 

Nevertheless, there is still much room for development in 
many aspects of the model to greatly improve its value in 
general applications. 

The relation between vehicle operating costs and road 
roughness is largely based on results from the Brazil study, 
although it was adjusted to some extent to reflect South African 
prices. It has been found, however, that the Brazil results are by 
no means definitive and are not easily transferrable to other 
socioeconomic environments (8). The sensitivity of the results 
of the model to this relation makes it essential to further 
investigate the calibration of the relation to reflect local 
conditions. 

Even if accurate vehicle operating costs were available it 
might be necessary to review the way in which they are used in 
the analysis. When there is a shortage of funding, the authority 
might choose to downgrade road user costs in relation to its 
own in order to manage its affairs. For example, a gravel road 
may be maintained if this is cheaper to the authority than 
constructing a paved road, even if this action is not optimal in 
regard to total costs. 

The relations that describe pavement behavior in the model 
are consistent with observations in most of the climatic regions 
in South Africa (2). However, these have largely pertained to 
good materials and have complied only with the large confidence 
limits of the predictions. Further investigation has found them 
to be too restricted in terms of both material type and material 
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properties to adequately cater to many cases found in practice. 
Further work is therefore needed to expand the scope and 
accuracy of these models. The results of a major experiment of 
this type will contribute greatly to this requirement (see paper 
by Paige-Green and Netterberg in this Record). 

The minimum balanced blading budget and the shape of the 
marginal benefit-cost curve in this region are both very sensitive 
to the relation between blading efficiency and road roughness. 
More empirical information is required to define this relation 
correctly. Moreover, the effectiveness of the various blading 
techniques in use should be investigated. 

CONCLUSIONS 

The MOS model was developed to determine the blading, 
regraveling, and upgrading needs of unpaved roads according 
to economic criteria. Based on empirical relations of unpaved 
road behavior, this model represents a major advance in the 
quantitative analysis of unpaved roads. 

Used in the context of a management system in the Gazankulu 
region, the MOS was found to provide valuable, general 
network-level assessments. These include optimum levels of 
funding and the economic implications of operating under 
different financial conditions. Such information can offer a:i 
objective basis for negotiations with external funding agencies. 

The analysis can also be used internally to good effect to 
assess the distribution of resources among the various districts, 
to identify problems by investigating divergencies between 
predicted and actual conditions, and to plan and control 
maintenance operations. 

Although the results of the MOS were consistent with 
observations in areas in which good materials are used in most 
of the climatic regions in Southern Africa, it is clear a great need 
still exists to improve its accuracy and scope. Areas that need 
further research include the behavior of a wider range of 
materials, the relation between vehicle operating costs and road 
roughness, and the efficiency and effectiveness of various 
blading techniques. 

Despite its shortcomings, the fact that the MOS provides an 
orderly framework for collecting and evaluating the charac-
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teristics and needs of unpaved networks is in itself a significant 
management benefit. Discrepancies between the system's output 
and practice can easily be observed and corrected in each region 
of application. Management of maintenance can then be 
effectively controlled and budget requests can be routinely 
supported on economic grounds. 
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Preliminary Guidelines for Material 
Requirements of Low-Volume Roads 
ALVIN H. MEYER AND W.R. HUDSON 

The major findings of the study "Development of Preliminary 
Guidelines for Material Requirements of Low-Volume Roads" 
are summarized in this paper. The diminishing aggregate supply 
has forced many highway engineers to be more conservative in 
their use of conventional aggregates. As a result, the use of 
marginal aggregates for !ow-volume road construction is 
seriously considered lo be a possible alternative. This study was 
undertaken to investigate the relationship between aggregate 
properties and roadway performance to determine whether 
traditional requirements for these properties could be revised. 
The performance of low-volume roads is considered to be 
influenced by three major elements: environmental conditions, 
material properties, and service levels. Moisture and tempera
ture were identified as the main environmental factors, and 
plasticity, gradation, and degradation were selected as the most 
significant material properties. The mure common failure types 
(indicators of performance) for low-volume roads and factors 
that affect performance are also presented. Preliminary guide
lines were developed for relaxing the standard specification 
requirements of aggregates for low-volume roads. To demon
strate their applicability, 12 reportedly marginal materials from 
the Globetrotter study were evaluated. Throughout the report, 
the need for a monitoring system to collect performance data 
for nationwide use is strongly emphasized. 

Guidelines have been developed from a final project report 
entitled "Development of Preliminary Guidelines for Material 
Requirements of Low-Volume Roads." The final report de
scribes the research association with the Federal Highway 
Ad ministration (FH WA) Research Project entitled, "Establish 
Requirements of Materials for Low-Volume Roads." The 
results presented in this report are based on the knowledge and 
experience o.f the project staff supplemented by numerous 
interviews with field engineers intimately involved with low
volume road problems. A review of the available literature, 
design manuals. existing specifications, and related materials is 
also presented. 

The purpose of these guidelines is to illustrate how material 
specifications could be relaxed for use in certain low-volume 
road ( L V R) construction as a function of the environmental 
region. These relaxed materials specifications could allow the 
use of what are now termed lower-quality or marginal quality 
materials for the construction of L V R. The user should refer to 
the final project report for a more detailed discussion on the 
development of the tables and figures used in these guidelines 
and for case studies of the use of marginal materials in L YR. 

The University of Texas. Austin. Austin, Tex . 78712. 

DEFINITION OF LOW-VOLUME ROADS 

A classification on the basis of traffic volumes is needed for the 
selection of materials for L V R. For the purposes of these 
guidelines. L YR are divided into two classes as follows: 

Class I 

Class I refers to those L V R with an average daily traffic (ADT) 
of less than 50. Class I roads are generally unsurfaced (graded in 
situ) or have a selected granular soil or soil aggregate surface 
and rarely have a treated surface. 

Class II 

('l;iss 11refers10 those L VR with an ADT between 50 and 400. 
Class 11 roads generally have selected granular or stabilized soil 
aggregate surfaces. At higher traffic volumes, the surface may 
be a single or double course penetration type surface and rarely 
will have an asphaltic or other concrete surface layer(/). 

OBJECTIVES 

One objective of this research is to investigate the relationship 
between material properties and performance and to determine 
whether or not the traditional requirements of these properties 
can be relaxed for low-volume roads. 

The other objective is to determine the minimum quality of 
aggregates that is acceptable for low-volume roads when 
considering aggregate type, environmental conditions, and 
road importance depending on whether the road is paved or 
unpaved. 

RESEARCH APPROACH 

A literature search was performed to meet the objectives of the 
project, and interviews with selected managers of L V R were 
conducted. Environmental factors important to the performance 
of LVR were identified . In order to evaluate the effect of these 
environmental factors on road performance, four different 
environmental regions were selected. These environmental 
regions were selected on the basis of temperature and moisture. 
The relationships between material requirements and roadway 
performance in these regions were investigated. 

A detailed list of material properties and their importance to 
the performance of such roads was gathered from the literature 
review. Specifications currently used by the states and various 
other public works agencies were assimilated and summarized. 
For the purposes of this research, the extensive list of material 
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properties was reduced to those properties that were considered 
relevant by the agencies, namely, plasticity, gradation, resistance 
to wear, durability, and resistance to freeze-thaw and wet-dry 
cycles. 

Various agencies and certain managers of low-volume roads 
were contacted to identify the failure types encountered in 
low-volume roads, and information regarding the failure 
criteria used was obtained. These criteria were examined to 
evaluate how they varied with road importance, environmental 
region, and terrain. Performance prediction models were also 
reviewed in an attempt to assess the economic consequences of 
using low-quality aggregates. 

The important material prope rLies illld limi ting co nditions 
were fo rmu lated as a function of ro-1d im portance and environ
mental restraints. Using these data, tables were developed to 
assist the designer of L YR to evaluate the suitability of 
materials that did not meet current specifications. A suggested 
procedure was provided to classify and evaluate a material for 
use in LVR. 

ENVIRONMENTAL REGIONS 

Environmental factors, particularly those related to climate, 
can have a significant effect on the performance of a pavement 
and should therefore influence material requirements for L V R. 
Two environmental factors, moisture and temperature, were 
used to establish four environmental regions to be used in the 
selection of material requirements for L V R. 
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Moisture 

Most pavement engineers agree that the presence of excessive 
moisture in a pavement system is usually detrimental to overall 
performance (2). The moisture available is influenced by the 
amount of rainfall and the amount of evaporation that occurs 
locally. Thornthwaite related the two by introducing the 
concept of potential evapotranspiration (3). This value repre
sents the amount of water that would return to the atmosphere 
if the supply of water to the plants and ground was unlimited. 

When a surplus exists, moisture is stored in the subsoil. 
Moisture is removed from the subsoil during deficit periods. 
These periods are seasonal. However, a general index for the 
area over time can be computed. The Thornthwaite Moisture 
Index distribution in the United States is illustrated in Figure I 
(3). A negative value indicates a moisture deficit region (dry), 
and a positive value represents a moisture surplus region (wet). 

It can be seen in Figure I that the eastern half of the United 
States generally has a moisture surplus (wet) and the western 
half generally has a moisture deficiency (dry). In other words, 
pavement problems related to excess moisture are generally 
more prevalent in the eastern portion of the United States. 

Temperature 

Researchers generally agree that many temperature-related 
pavement problems result from low temperatures, in particular 
freezing temperatures. High temperatures are usually not 

FIGURE 1 Thornthwaite Moisture Index distribution in the United States. 
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detrimental to aggregate-surfaced roads. Sourwine was among 
the first to recognize that temperature had to be related to 
duration in order to evaluate its effects (4). His work led to the 
freezing index, which is used by several agencies as a design 
consideration. The freezing index is the difference between the 
maximum and minimum points on a curve of cumulative degree 
days of below freezing temperature. A degree day is defined as 
the algebraic difference between the mean daily temperature 
and 32° F (I 0° C) multiplied by the duration of the temperature 
in days. The distribution of mean freezing indices for the 
continental United States is shown in Figure 2. Researchers 
have recommended that the I 00 freezing index contour be used 
as a threshold value (5-7). In other words, ifthe road in question 
is above the index of I 00, then frost-heave may be a considera
tion in the design of the road and in the materials selection 
process. 

As shown in Figure 2, the 100 freezing index contour 
divides the continental United States into two temperature 
zones. The southern half is a no-freeze or hot zone. and the 
northern half is a free1.e or cold zone. Pavement problems 
related to freezing temperatures arc therefore more prevalent in 
the northern portion of the United States. 

Selection of Environmental Regions 

For the purposes of these guidelines, four environmental 
regions were selected. I hese regions are cold / dry, cold / wet, 
hot/dry. and hot/wet. as shown in Figure 3. These regional 

Note: 
Mun freezing indu valufs "P"H'd 
in dearee days below 32" f. 

FIGURE 2 Freezing index map. 
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divisions have been used by others as environmental inputs for 
pavement studies (8-10). These regions are provided for general 
selection only and should not be construed to represent local 
conditions completely. If the moisture index and freezing index 
are known for a particular location, those values should be used 
to determine environmental inputs. It should be noted that in 
terms of moisture index and temperature index every local 
situation can generally be placed into one of the four environ
mental regions . If the local area is on the borderline, for 
example, has a moisture index of zero, then the designer will 
have to consider two environmental inputs and choose the more 
conservative values for materials selection. 

Ho!/ Dry Region 

This region generally describes an area with less than I 00 degree 
days annually and a negative moisture index. These areas are 
typified by a low annual rainfall of less than 35 in (889 mm), 
high mean annual temperatures greater than 50° F ( 10°C), and 
sparse vegetation. 

Hot I Wei Region 

This region describes an area with fewer than 100 degree days 
annually and a positive moisture index. These areas are typified 
by a high annual rainfall greater than 35 in (889 mm), high 
mean annual temperatures greater than 50° F (I 0° C), and heavy 
vegetation. 

l _. . .!6 ::: .. --- .. -
' . · ~ 
I . 
I 

\ Appro.,mate soulhtrly hmit 
of area where frosl may b' 
upected to penetral' pave
ment and base lo a deplh 
of al least 12 inch's on lhe 
avenge ol I yur in I 0 
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FIGUR E 3 Environmental regions. 

Cold/ Dry Region 

This region describes an area with more than I 00 degree days 
annually and a negative moisture index. These areas are typified 
by a low annual rainfall of less than 35 in (899 mm) and low 
mean annual temperatures less than 50° F (10°C) . 

Cold/ Wet Region 

This region describes an area with more than 100 degree days 
annually and a positive moisture index. These areas are typified 
by a high annual rainfall greater than 35 in (889 mm) and a low 
mean annual temperature of less than 50° F ( 10°C). 

Relationships Between Environmental Regions and 
Performance 

The relationship between environmental region and perform
ance can be discussed in qualitative terms only because 
quantitative values of performance for LVR are extremely 
limited . Although there is sufficient experience and interest in 
the performance of L YR, no systematic approach exists among 
L V R managers for measuring, recording, and reporting 
performance data . 

Hot/ Dry Weather Deterioration 

In this environmental region, deterioration most likely involves 
the surface layer because of the typically dry nature of the 
subsurface layers. The following are the most prominent 
deterioration mechanisms in unpaved roads in dry weather: 
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• Wear and abrasion of the surface, which generates loose 
material and develops ruts; 

• Loss of the surfacing material by whip-off and dust; 
• The movement of loose material to form corrugations 

under traffic action; and 
• Raveling of the surface in cases in which the binding 

power of the material is insufficient to keep the surface intact 
(I 1). 

The sustained higher temperatures in this region result in 
softening of the asphalt cement of paved roads for longer 
periods of time than occur in colder regions. This softening of 
the asphalt cement results in an increased incidence of raveling, 
bleeding, shoving, slippage, and weathering. 

Hot/ Wet Weather Deterioration 

In this environmental region, deterioration may occur in both 
the surface and subsurface . Soils in this region typically have 
high moisture contents, which cause the subsurface layers to 
have lower strengths. Weaker subsurface layers result in an 
increased incidence of rutting, surface erosion, and potholes in 
unpaved roads, and corrugation, alligator cracking, depres
sions, and rutting in paved roads. 

Cold/ Dry Weather Deterioration 

In the cold/dry region, as in the hot/dry region, deterioration 
predominantly occurs on the surface . The potential exists for 
freezing-thawing deterioration, but the low moisture contents 
of the subsurface layers cause other forms of deterioration to be 
more frequent and extensive. 
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Deterioration of unpaved roads will generally be the same as 
that of hot/dry regions. The prevailing forms of deterioration in 
paved roads are weathering, transverse cracking, longitudinal 
cracking, and alligator cracking. 

Cold/ Wet Weather Deterioration 

Deterioration in cold/ wet regions is similar to that of hot/ wet 
regions, except for the additional detrimental effects of frost 
heave and freeze-thaw cycles. 

MATERIAL REQUIREMENTS 

I he standard spec111cation requirements of those aggregate 
properties that are considered pertinent to low-volume roads 
were evaluated to determine whether these specifications could 
be relaxed as a function of environmental conditions. The 
AASHTO, ASTM, and FHWA specifications were used as a 
basis and, where applicable, the U.S. Forest Service specifica
tions were included. The test methods most widely used by these 
agencies and state highway departments were reviewed in 
addition to those proposed and used by other agencies. 

Given the selected aggregate properties and standard test 
methods, the consequences of relaxing these standard specifica
tion requirements in various environmental regions were 
~un1n1ariz.ed and evaluated based on the literature rcvicvv· and 
interviews with consulting engineers. Preliminary guidelines are 
suggested for relaxing currently used aggregate requirements. 
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Methods of Testing Aggregates 

Several test methods are available to determine the quality of 
aggregates. Because the majority of state highway agencies 
specify aggregate requirements based on AASHTO procedures, 
the quality of the aggregates for L V R will also be based on the 
AASHTO test methods for consistency. The materials tests to 
be used with these guidelines are summarized in Table 1. 

Plas1icity 

Most public agencies determine the plasticity of an aggregate by 
its liquid limit (LL) and plasticity index (Pl). The AASHTO 
T-89 test is a standard test method for determining the liquid 
limit of soils, and the AASHTO T-90 test contains a standard 
procedure for determining the plastic limit of soils. The 
plasticity index is the numerical difference between the liquid 
limit and plastic limit of the soil. 

Grada1ion 

The AASHTO T-27 or T-88 tests are the usual methods public 
agencies use to determine the gradation of aggregates. The 
AASHTO T-27 test covers a procedure for the determination of 
the particle size distribution of fine and coarse aggregates by use 
of sieves ~vvith square openings. The /\./\.S HTO T-88 test 
describes a procedure for the quantitative determination of the 
distribution of particle sizes in soils. 

TABLE I TYPICAL TESTS lJSED TO SPECIFY QUALITY OF AGGREGATE MATERIALS 

AASHTO 
Designation 

T-89 

T-90 

T-27 
or T-88 

T-96 

T-210 

Title 

Determining the Liquid 
Limit of Soils 

Determining the Plastic 
Limit and Plasticity 
Index of Soils 

Sieve Analysis of Fine 
and Coarse Aggregates or 
Particle Size Analysis of 
Soils 

Resistance to Abrasion of 
Small Size Coarse Aggre
gate by use of the Los 
Angeles Machine 

Production of Plastic 
Fines in Aggregates 

Purpose 

To determine the amount 
of soil binder material 
present for classification 
and specification check. 

To determine the range of 
moisture in which a soil 
remains in a plastic state 
and to determine the 
effect of moisture on the 
soil material ·and specification . 

To determine the partial 
distribution of fine and 
coarse aggregates using 
the mechanical analysis. 

To test sizes of coarse 
aggregate smaller than 1.5 in . 
(37.5 mm) for resistance to 
abrasion. 

To determine the durability 
of aggregates by indicating 
the relative resistance of an 
aggregate to produced detri
mental clay-like fines when 
subject to degradation. 
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Resistance to Wear 

The standard method of test for resistance to abrasion of coarse 
aggregates smaller than 1.5 in (38 mm) is covered in the 
AAS H TO T-96 test using the Los Angeles testing machine. It is 
a mechanical degradation test that is used to measure the ability 
of an aggregate to resist being worn away by the rubbing and 
friction produced by externally applied forces such as tires. 
Because untreated or surface-treated roads are designed to 
carry low traffic volumes, base-course aggregates are not 
significantly affected by these loads. As a result, the Los 
Angeles abrasion specifications are not required for untreated 
bases in these guidelines. 

Durability 

The AASHTO T-210 test describes the procedure for deter
mining the durability of aggregates. The durability index is a 
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value that indicates the relative resistance of an aggregate to 
producing detrimental clay-like fines when subjected to the 
prescribed mechanical methods of degradation. 

Recommended Limiting Values of Aggregate Properties 

The limiting values presented in Tables 2, 3, and 4 are 
recommended as guidelines to evaluate the suitability of local 
materials for road construction . The use of these tables should 
assist the designer of low-volume roads to consider materials 
that provide adequate performance but do not currently meet 
the standard specifications. The user only needs to identify the 
intended use (location of the aggregate in the pavement 
structure) and the local environment to use the tables. If staged 
construction is to be performed, then Table 2 should be used 
for base courses under either untreated or treated surfaces. 

Twelve reportedly marginal aggregates from another study 
were selected to demonstrate the use of these tables. A 

TABLE 2 RECOMMENDED LIMITING VALUES OF AGGREGATE PROPERTIES FOR 
UNTREATED SURFACE COURSES 

Material Property 

Gradation 
%-200 (.075 mm) sieve 
Max. Part. Size , in . (mm) 

Plasticity 
Liquid Limit, ' 
Plasticity Index , ' 

Degradation 
Los Angeles Abrasion, % 
Durability Index 

Current 
Practice 

8 Min 
1 (25) 

35 Max 
4- 9 

40 Max 
35 Min 

Limiting Values per Enyironmental Region 
Cold/Dry Cold/Wet HotjWet Hot/Dry 

6 Min 
1.5 (38) 

55 Max 
2-15 

50 Max 
35 Min 

6 Min 
1.5 (38) 

40 Max 
2-9 

50 Max 
35 Min 

6 Min 
1. 5 (38) 

35 Max 
2-9 

50 Max 
35 Min 

6 Min 
l.5 ( 38) 

55 
2-15 

50 Max 
35 Min 

TABLE 3 RECOMMENDED LIMITING VALUES OF AGGREGATE PROPERTIES FOR 
UNTREATED BASE COURSES UNDER UNTREATED SURFACE COURSES 

Material Property 

Gradation 
%-200 ( . 075 mm) sieve 
Max. Part. Size, in. (mm) 

Plastic ity 
Li quid Li mit , ' 
Plasticity ~ndex, ' 

Degradation 
Durability Index 

Current 
Practice 

8 Max 
1 (25) 

25 Max 
6 Max 

35 Min 

Limitin' Values per Envi.ronmental Region 
Cold/Dry Cold/Wet Hot/Wet Hot/Dry 

10 Max 
2 (50) 

30 Max 
8 Max 

35 Min 

9 Max 
2 (50) 

.25 Max 
8 Max 

35 Min 

9 Max 
2 (50) 

25 Max 
8 Max 

35 Min 

12 Max 
2 (50) 

30 Max 
10 Max 

35 Min 
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TABl.E 4 RECOMMENDED LIMITING VALUES OF AGGREGATE PROPETIES FOR 
UNTREATED BASES UNDER UNTREATED SURFACE COURSES 

Current 
Material Property Practice 

Gradation 
%-200 (.075 mm) sieve 
Max. Part. Size, in. (mm) 

8 Max 
1 (25) 

Plasticity 
Liquid Limit, % 
Plasticity Index, % 

25 Max 
6 Max 

Degradation 
Durability Index 35 Min 

description of these materials and their classification based on' 
the AASHTO Soil Classification System are presented in the 
final report. To verify the effectiveness of the tables , each 
sample was evaluated based on its in situ properties and past 
performance in a given region . 

TECHNICAL, ECONOMIC, AND ECOLOGICAL EFFECTS 
OF USING LOW-QUALITY AGGREGATES 

No hard data could be identified that evaluated the performance 
of truly marginal or low-quality aggregates. As a result, no 
detailed or quantitative impacts can be presented. However, 
material property data available from other studies were used in 
models to illustrate the effects. 

The approach taken is to examine the effect of relaxing 
aggregate requirements for base courses only in paved roads. In 
other words, when a chip seal or hot-mixed asphalt concrete 
surface layer is used, it will require high-quality aggregates. The 
aggregate requirements can be relaxed for all layers of aggre
gate-surfaced roads. 

Technical Impact 

Two limiting alternatives are generally accepted when con
sideration is given to the use of lower-quality or marginal 
aggregates for L VR. The first limiting alternative is to use the 
aggregate as available and accept the consequences or risks 
associated with poorer pavement performance. Most pavement 
engineers would agree that whether the road is paved or 
unpaved, the expected performance would be as shown in 
Figure 4. Although many variables affect pavement perfor
mance, it is generally expected that the use of lower-quality 
aggregates results in poorer performance. The second limiting 
alternative is to enhance the low-quality aggregate in such a way 
that its material properties or performance characteristics are 
equal to or better than available high-quality aggregates. 

The first limiting alternative is not usually available in 
current practice because the aggregate does not satisfy certain 
specifications. However, the relaxation of current specifications 
would allow the use of lower-quality aggregates with perhaps 
shorter service lives. The second limiting alternative is some
times more costly than purchasing high-quality aggregates. 

Lirni!Cins: 
Cold/Dry 

Q) 
u 

10 Max 
2 (50) 

30 Max 
8 Max 

35 Min 
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FIGURE 4 Pavement performance versus time. 

In addition to these limiting alternatives, there are many 
other choices such as relaxing specifications or partial enhance
ment in the form of screening to improve gradation or washing 
to remove excess fines. Another choice is the use of an 
admixture for stabilization to an acceptable performance level 
but not necessarily to the level of a high-quality aggregate. The 
specifications for aggregates for L VR should be written in such 
a manner as to allow the selection of an alternative that can be 
economically justified . 

Economic Impact 

The economic consequences can only be suggested because no 
hard data exist and each set of circumstances may produce quite 
different results . Many factors influence economics, including 
everything from interest rates to local politics. However, in 
most instances. whatever savi ngs are realized will generally 
accrue to local agencies. Consider the following benefits of 
using marginal aggregates. 

• Environmental. In many areas, marginal aggregates are a 
waste product associated with high-quality aggregates. The use 
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of marginal-quality aggregates would therefore reduce the 
impact of mining in these areas. 

• Efficiency. The use of marginal-quality materials would 
preserve limited supplies of high-quality aggregates for high
type construction. 

• Construction. Layman demonstrated that materials repre
sented approximately 51 percent of the in-place cost of 
asphaltic concrete (12). A IO percent reduction in the cost of 
materials would therefore result in a 5 percent reduction in the 
total construction cost of the pavement. 

In a laboratory study, Schoen et al. showed that mix designs 
that use marginal aggregates could produce mixtures with 
properties consistent with conventional black base mixtures at 
a substantially lower cost (13). They also pointed out that 
mixture design and pavement design must be considered 
simultaneously to use marginal materials economically. 

Burchfield and Hicks demonstrated that a cement-treated 
marginal aggregate would provide pavement equivalent to 
untreated high-quality aggregate at a lower cost if the haul 
distance for the high-quality aggregate exceeded the haul 
distance for the marginal material by at least 28 mi (47 km) 
(14). 

Ecological Impact 

As long as good engineering design practices for geometrics, 
drainage, and pavements are followed, the use of marginal 
materials should not increase the potential for ecological 
damage. The Environmental Protection Agency provides an 
adequate design procedure to reduce the environmental impact 
of unpaved roads. (I 5). 

One exception may be an increased potential for dust, 
particularly ifthe use of the marginal material is not designed to 
provide equivalent performance to high-quality materials. 
Becker has shown that roughness is a significant factor in 
increasing dust when an average increase in roughness is the 
result of the use of the marginal material (16). However, this is 
primarily true when silt-size particles are present. When silt-size 
particles are present in the surface materials, the use of a dust 
palliator, such as oil or chlorides, should therefore be 
considered. 

CONCLUSIONS AND RECOMMENDATIONS 

As was observed earlier in this report and repeated many times, 
little, if any, hard data relate aggregate properties to pavement 
performance for LVR in general, and for unpaved (aggregate
surfaced) roads in particular. The basic findings of this report 
therefore represent the best estimate of what will occur under 
certain circumstances based on experience, published laboratory 
studies, models, published data from other countries, and some 
published case studies. 

Conclusions 

The following represent the basic findings of the final project 
report, "Development of Preliminary Guidelines for Material 
Requirements of Low-Volume Roads": 
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• A need exists to conserve high-quality aggregates for 
more critical uses and to reduce construction costs of L YR. 

• No state modifies its aggregate specifications for L VR to 
account for environmental or traffic factors. 

• Based on current practices, aggregates for LVR are 
evaluated primarily on the basis of gradation, plasticity, and 
degradation. 

• Environmental factors of moisture and temperature 
should influence aggregate specifications for L YR. 

• Current aggregate specifications for L YR can be relaxed 
in certain areas without significantly affecting pavement 
performance. 

• Many low-quality aggregates can be economically en
hanced for adequate performance in L YR. 

• Insufficient L YR pavement performance data are cur
rently available. 

Recommendations 

The following recommendations are made: 

• Laboratory studies should be conducted to include a 
minimum of four low-quality aggregates from each environ
mental region. 

• Aggregate specifications for L YR for selected agencies 
should be relaxed in accordance with Tables 2, 3, and 4 until 
performance data support or refute the relaxation. These 
agencies should include city, county, and state agencies as well 
as federal agencies such as the U.S. Forest Service. 

• Pavement performance data on LVR should be obtained 
in a uniform and rational manner from selected agencies. The 
U.S. Forest Service has conducted a study to evaluate which 
types of equipment and procedures should be used to obtain a 
data base for L YR. The project should provide an excellent 
approach for performance data collection. 

• Simple aggregate tests should be developed to predict 
performance. 
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Proposed Specifications of Soil 
Aggregates for L1ow-Volume Roads 
TEERACHARTI RUENKRAIRERGSA 

Lateritic soils are extensive in Thailand, and have been 
employed as highway materials for many decades. Test results 
on selected lateritic soils tend to reflect _that lateritic gravel in 
Thailand is durable as a base course for low- and 1nedium
volu1ne roads. However, the results of an Atterberg limits test 
showed that both the LL and PI of most lateritic soils in 
Thailand are higher than the adopted criteria. In order to more 
efficiently employ local materials for low- to medium-volume 
road construction, modifications of the present specifications 
are necessary. On the basis of the results obtained in this 
investigation, values of LAA, LL, Pl, and the percent passing a 
No. 200 sieve are proposed as changes to be able to use the soil 
aggregates in Thailand as a base and subbase for low- and 
medium-volume roads. 

Northeast Thailand occupies about one-third of the total area 
of the kingdom, and this region is physiographically called the 
Kh o rat Plateau or the Northeast Plateau because of its 
re la tively nat, elevated plain . A ra ther complex road system was 
built to link cities, di stricts. villages, a nd other populated areas 
to induce economic growth a nd to develop communities in this 
regi o n. The most availa ble loca l materia ls in this a rea are 
la teritic soils, gra vel, and silt y sa nd . Some rock sources are also 

Materials and Research Divisio n, Depa rtment of Highways, Phyatha i 
Sri Ayudhya Road, Bangk o k 10400 T ha ila nd. 

available in the southernmost a nd westernmost pa rts of the 
Kh o rat Plateau , which border other physiographic regions. As 
a consequence, problems are encountered in road construction 
a nd maintenance in some par ts of the Khorat Plateau, especia lly 
in the north, with rock defici ency for pavement constructi on. 
T he hauling distance from the rock quarries to some projects 
could be as far as 150 to 200 kilometers. The proba ble rock 
sources in this region a re shown in F igure I. 

The other factor to be co nsid ered in pavement des ign in 
T ha ila nd is overloaded tru cks. Most trucks tha t ca rry the 
co nstruction ma teria ls, especia lly the rock products, a re over
loaded. It was found fro m ra nd om spot checks tha t most 10-
wheel trucks (three ax les) that ca rry the construction mat eria ls 
have a gross weight in the range of 300 to 400 kN, whereas the 
legal load limit is o nl y 2 10 kN. T hese overloaded trucks tend to 
destroy the pavement structure along all the road s they pass. 
T herefore, once the Thailand Department of High ways 
constructs a new road, so me sections of the existing ones will 
a lready be deteriorated as a res ult of overloaded trucks th at 
ha ul the construction ma teria ls. Because the traffic volum e on 
the roads in thi s region is generally low to medium , empl oy ing 
inferior local ma teri a ls in road co nstruction tend s to so lve th is 
problem. Ho weve r, the present material specifica ti ons ado pted 
by the Thaila nd Depa rtment of Highways are simila r to those 
reco mmend ed by AAS HT O; in fact, AASHTO specifica tio ns 
a re suitable for high-sta nd a rd roads . In order to ma ke more 
effective use to be made of loca l materials for the construction 
of low- and medium-volume road s, new specifications fo r local 
materials must first be es ta blished. 
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FIG lJR E I Map showing sources of some lateritic soils in northeast Thailand. 

Because laterites and lateritic soils have been used in road 
construction and maintenance in Thailand for a long time, the 
Thailand Department of Highways set up a research project to 
study their properties and stabilization. It is expected that the 
results of the investigation will enable more effective use to be 
made of lateritic soils and other types of soil aggregates in road 
construction. In this stage of the investigation, modified 
specifications of lateritic soils and other soil aggregates are 
proposed for use as base and subbase courses for low- and 
medium-volume roads. 

The proposed criteria were derived from an interpolation of 
the test results on some mechanical properties of 64 lateritic soil 
samples from this region, associated with the currently employed 
AAS HTO specifications. They were also derived from the 
performance evaluation of some existing roads that were 
constructed by use of local soil aggregates as base and subbase 
materials. It is expected that the proposed specifications will 
make more efficient use of local soil aggregates for substandard 
road construction. 

REVIEW OF ENGINEERING CRITERIA FOR 
LATERITIC SOIL IN ROAD CONSTRUCTION 

De Graft-Johnson et al. stated, on the basis of their works in 
Ghana, that lateritic soils are extremely variable in physical and 

chemical characteristics (1). They naturally exhibit widely 
differing behavior in pavements. Subsequently, a large number 
of failures in pavements have resulted from the indiscriminate 
use of laterites and lateritic soils without a full understanding 
and appreciation of their limitations. 

Specifications for the use of laterites and lateritic soils were 
developed by various highway organizations to assist pavement 
engineers in avoiding costly failures. Some of the ·criteria of 
these specifications are as follows: 

AASHTO Crileriafor Base and Subbase Courses (2) 

Los Angeles abrasion Joss 
Percent passing No. 200 sieve 
Liquid limit 
Plasticity index 

< 50 percent 
)> 67 percent passing No. 40 sieve 
)> 25 
)> 6 

AAS HTO recommendations for the grain size distribution of 
soil aggregates for base and subbase courses are shown in 
Table I. All AAS HTO criteria were adopted by the Thailand 
Department of Highways for controlling the quality of materials 
for high-standard highways. 

Unified Soil Classification S.rstem.for Base Cour.fe (3) 

Percent passing No. 200 sieve 
Liquid limit 
Plasticity index 

)> 15 
)> 25 
)> 5 
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TABLE I GRAIN SIZE DISTRIBUTIONS OF SOIL AGGREGATES FOR BASE AND 
SUBBASE COURSES AS SPECIFIED BY AASHTO AND ADOPTED BY THE THAILAND 
DEPARTMENT OF HIGHWAYS (2, 4) 

Percent 

Sieve Size 

Grade Grade 

A B 

2" (50.0 mm) 100 100 

l" (25.0 mm) - 75-95 

3/8" (9.5 mm) 30-65 40-75 

No.4 (4.75 mm) 25-'J':l 30-60 

No. 10 (2.00 mm) 15-40 20-45 

No.liO (0.425 mm) 8-20 15-30 

No.200 (0.075 mm) 2-8 5-20 

Grain size distributions of the soil aggregates for a base 
course suggested by the U.S. Army Corps of Engineers are 
sbown in Table 2. Unified Soil Classification Systen1 specifica
tions for subbase and selected materials are shown in Table 3. 

Jlwiland Depar1me111 of' Highways Specifications for Base Course (4) 

Liquid limil 
l'laslicity index 
Los Angeles abrasion loss 
Soaked CBR (laboratory) 

J> 25 
J> 6 
J> 40 percent 
<t 80 

Grain si1.e distributions of the soil aggregates for a base course 
arc similar to those in Table I, except the Grade F aggregate is 
not employed for a base course by the Thailand Department of 
Highways. 

Thailand Depar1me111 of Hig/Jll'ars Specificalions f'or Suhhase 
Course 

Liquid limit 
l'lasticily index 
Los Angeles abrasion loss 
Soaked CBR (laboratory) 

J> 35 
J> II 
J> 60 percent 
<t 25 or 30 

Grain size distributions of the soil aggregates for a subbase 
course are shown in Table 4. 

lt can be seen that both the grain size distributions and 
i\tterbcrg's limits values adopted by the Thailand Department 
of Highways are identical to those of AAS HTO (2). The criteria 
or both organi1.ations are suitable for the crushed rocks that are 
used in high-standard road construction. 

Ghana Building and Road Research Institute 

The Building and Road Research Institute (BRR!) of Ghana 
adopted a CBR as a parameter for the design of pavement 

Passing by Weight, % 

Grade Grade Grade Grade 

c D E F 

- - - -

100 100 100 100 

50-85 60-100 - -

35-65 50-85 55-100 70-100 

25-50 40-70 40-100 55-100 

15-30 25-45 20-50 30-70 

5-15 5-20 6-20 8-25 

structures for roads and airfields (5). Criteria and grain stze 
distributions of soil aggregates for base and subbase courses are 
~how·n in Tables 5 and 6, respecti vely. 

Brazilian National Highway Department (6, 7) 

The Brazilian National Highway Department (ONER) adopted 
a CBR as a design parameter for pavement structure. The 
ONER criteria for base courses are shown in the following 
table. The ONER criteria for sub base courses are a CBR greater 
than or equal to 20 percent, and a swell from the CBR test of less 
than 0.2 percent. 

Crileria 

California Bearing Ratio(%) 
Liquid limit 
Plasticity index 
Los Angeles abrasion loss(';;,) 
Swell rrom CBR test ('Ir) 

Traffic Classificalion 
Heai•y Light 

:::0-80 
J>35 
J>IO 
<65 
<0.2 

260 
]>40 
J>l 2 
<65 
<0.2 

Grain size distributions of soil aggregates for base courses of 
the DNER are identical to those of AASHTO, as shown in 
Table I, except the Grades E and F soil aggregates are not 
employed by the ONER (2). 

METHODS OF INVESTIGATION 

Experimental work was conducted on lateritic soil samples 
from northeast Thailand. The samples of lateritic soils were 
taken from both the soil profile and the stockpile of the soil 
mixes. Each sample was air-dried separately before testing. ln 
order to gain the probable trend of properties oflateritic soils in 
the Northeast Plateau, 64 samples taken from 13 provinces were 
subjected to detailed laboratory investigation. The sources of 
the samples are shown in Figure I. Some of the test methods are 
listed in Table 7. 



RUENKRAIRERGSA 271 

TABLE 2 GRAIN SIZE DISTRIBUTIONS OF SOIL AGGREGATES FOR BASE COURSES AS 
SPECIFIED BY THE U.S. ARMY CORPS OF ENGINEERS (J) 

Percent Passing by Weight, % 

Maximum Size of Aggregates, in. 

3" 2" 1 1 /2" 1" Sand-Clay 

Grade 1 Grade 2 Grade 3 Grade 4 Grade 5 

3" (75.0 mm) 100 - - - -

2" (50.0 mm) 65-100 100 - - -

1 1 /2" (37.5 mm) - 70-100 100 - -

1" (25.0 mm) 45-75 55-85 75-100 100 100 

3/4" ( 19.0 mm) - 50-80 60-90 70-100 -

3/8" (9.5 mm) 30-60 30-60 45-75 50-80 -
No.4 (4.75 mm) 25-50 20-50 30-60 35-65 -

No.10 (2.00 mm) 20-40 15-40 20-50 20-50 65-90 

No. 40 (0.425 mm) 10-25 5-25 10-30 15-30 30-70 

No.200(0.075 mm) 3-10 0-10 5-15 5-15 8-15 

TABLE 3 SPECIFICATIONS FOR SUBBASE AND SELECTED MATERIALS AS SPECIFIED 
BY THE U.S. ARMY CORPS OF ENGINEERS (J) 

Designed 
Materials 

CBR 

Sub base I 50 

Subbase II 40 

Sub base III 30 

Selected 20 

Materials 

DURABILITY OF LATERITIC SOILS IN THE 
NORTHEAST PLATEAU 

% Passing 

No.10 Sieve 

(max.) 

50 

80 

100 

-

The durability of lateritic soils is reflected by their aggregate 
impact value (AIY), aggregate crushing value (ACY), Los 
Angeles abrasion (LAA), slake durability (ID), or California 
durability (D). Other properties that indicate durable ag
gregates are water absorption and specific gravity. The prop
erties of lateritic soil samples are summarized in Table 8 and 
discussed in the following sections. 

% P3.ssing Atterberg's Limits 

No.200 Sievf 
LL PI 

(max.) 

15 25 5 

15 25 5 

15 25 5 

- 35 12 

INTERRELATIONSHIP BETWEEN AIV, ACY, AND LAA 

The relationship between the AIY and ACY of the A-2-4, A-2-6, 
and A-2-7 soils is shown in Figure 2. The relationship is good 
with a relatively high coefficient of determination (R 2), the 
value of which is higher than 81 for all three soil groups. This 
result indicates that ACY tends to increase linearly with AIY for 
Thailand lateritic soils, and their values are only slightly 
different. 



TABLE 4 GRAIN SIZE DISTRIBUTIONS OF SOIL AGGREGATES FOR BASE COURSES AS 
ADOPTED BY THE THAILAND DEPARTMENT OF HIGHWAYS (4) 

Percent Passing by Weight, % 

Sieve Size 

Grade Grade Grade Grade Grade 

A B c D E 

2" (50.0 mm) 100 100 - - -
1" (25.0 mm) - - 100 100 100 

3/8" (9.5 mm) 30-65 40-75 50-85 60-100 -

No. 10 (2.00 mm ) 15-40 20-45 25-50 40-70 40- iOO 

No. 40 (0.425 mm) 8-20 15-30 15-30 25-45 20-50 

No.200 (0.075 mm) 2-8 5-20 5-15 5-20 6-20 

TABLE 5 CRITERIA AND GRAIN SIZE DISTRIBUTIONS OF SOIL AGGREGATE BASE 
FOR ROAD CONSTRUCTION IN GHANA (5) 

Classification Level 

Criteria 

Class I Class II Class III 

Aggregate Crushing Value, % 35 35-40 40-50 

(PI) x (% Passing No.200) 200 max. i.oo max. 600 max. 

(LL) x (% Passing No.200) 600 max. 900 max. 1250 max . 

CBR, ,, 100 min. 70 min. 50 min. 
" 

Pe!'""'Ce!'l t Pe.ssir'lg by We ight, % 
Sieve Size 

Class I Class II Class III 

2" (50.0 mm) 100 100 100 

1 1 /2" (37.5 mm) 82-100 82-100 90-100 

3/4" ( 19.0 mm) 51-100 51-100 69-100 

318" ( 9. 5 mm) 30-90 30-90 47-75 

No.4 (4.75 mm) 19-7.3 19-73 36-59 

No.8 (2.00 mm) 8-51 8-51 24-43 

No.30 (0.425 mm) 4-31 4-13 20-35 

No.200 (0.075 mm) 0-15 0-15 15-25 



RUENKRAIRERGSA 273 

TABLE 6 CRITERIA AND GRAIN SIZE DISTRIBUTIONS OF SOIL AGGREGATE SUBBASE 
FOR ROAD CONSTRUCTION IN GHANA (5) 

AASHO Classification CBR 

A-1-a to A-6 

Sieve Size 

2" (50.0 mm) 

1 1 / 2" ( 37. 5 mm) 

3/4" ( 19.0 mm) 

3/ 8" (9.5 mm) 

No.4 (4.75 mm) 

No.8 (2.00 mm) 

No.30 (0.425 mm) 

No.200 (0.075 mm) 

Both the AIY and ACY are also found to have a linear 
relationship to the LAA as shown in Figures 3 and 4, re
spectively. The coefficient of determination (R2) of the re
lationship between A I Y and LAA is relatively high compared to 
that of ACY and LAA. Although the AlV, ACV, and LAA are 
parameters that indicate the strength and durability of coarse 
aggregates, the test methods differ, particularly for the LAA. It 
is believed that new criteria that reflect the durability of the 
coarse aggregates could be drawn on the basis of the inter
relationships shown in Figures 2, 3, and 4. 

It can be stated from a comparison of the values of AIY, 
LAA, WA, and G of lateritic soils to the criteria of Bhatia and 
Hammond (Table 9) that the lateritic gravel in northeast 
Thailand is hard and durable, and can be used as a local 
material for road construction in this region (8). 

PLASTICITY 

According to the specifications of the Thailand Department of 
Highways, soil aggregates for a base course must have values of 
LL and Pl not higher than 25 and 6, respectively. The LL and Pl 
values for a subbase must be no higher than 35 and 11, 
respectively (4). 

In this investigation, the test results indicated that Thailand 
lateritic soils have a high plastic property. Their LL values vary 
in the range of 21.8 to 69 .2 with an average of 37.4. Their Pl 
values also vary in the wide range of 3.9 to 28.2 with an average 
of 15.4. The values of LL and Pl are lowest for the A-2-4 soil, 

20 

Maximum Values 

PI LL 
% Passing 

No.200 

25 40 40 

Percent Passing by Weight, % 

-
100 

85-100 

70-95 

55-76 

40-75 

34-48 

25-li2 

and highest for the A-2-7 soil. When the relatively high 
plasticity of lateritic soil samples is considered, most of them 
could not be employed as a base or subbase in Thailand 
according to the criteria of the Thailand Department of 
Highways (4). The results of the mechanical tests showed that 
most lateritic soils have hard and durable grains that are 
suitable for use in a base course. However, the high plasticity of 
most lateritic soils seems to be a major obstacle to their practical 
use in road construction. 

In order to make more efficient use of lateritic soils in road 
construction, their plasticity must be reduced. This could be 
accomplished by a careful program of excavating and mixing 
lateritic soils in the borrow pit and trying to avoid mixing the 
lower plastic materials with the good ones in the upper profile. 
The plastic topsoil must also be removed during the initial stage 
of the excavation. If necessary, the plasticity of lateritic soil 
could be lowered by mixing it with sand from nearby sources. 
The mixing could be done either in the lateritic soil pit or on the 
road. 

M uktabhant and Ongskul studied the effects of mixing sand 
with Thailand lateritic soils (9). They found that both the LL 
and Pl decreased linearly with an increase in percentage of 
sand, as shown in Figure 5. According to their results, the CBR 
of a lateritic soil/ sand mixture increases with the amount of 
sand added to a maximum value; it then decreases when more 
sand is added. The optimum percentage of sand for a maximum 
CBR is 40 to 60. At these contents of sand, both the LL and Pl 
tend to decrease about 40 to 60 percent or more from the 
original value. For the field work, it is important to make a 
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TABLE 7 TEST METHODS OF LATERITIC SOIL SAMPLES 

Properties 

Aggregate Impact Value (AIV) 

Aggregate Crushing Value (ACV) 

L0 s An5eles Abrasion (LAA) 

S l ake Durability (ID) 

Coarse Durability (Dc) 

Fine Durability (Df) 

Specific Gravity (G) 

~ater ~bsorption (nA) 

Test Methods 

BS 812-1967 

Bs812-1967 

ASTM c 131-69 

I SRM 

CALIF 229-C 

CA;:,IF 229 - C 

AST~·1 D854-58 ( 197 2) 

ASTM C127-77 

TABLE 8 AVERAGE VALUES OF SELECTED PROPERTIES OF 
LATERITIC SOILS 

Properties Value 

Aggregate Impact v.alue (.UV), % 38.8 

Aggregate Crushing Value (ACV), cl 
/0 38.8 

Los Angeles Abrasion Loss (LAA) , % 3(). 2 

.Vater Absorption (!/A)' % 5.9 

Specific Gravity-Coarse Fraction 3. 11 

Specific G ravi ty-F ine Fraction 2.98 

uniform mixture to ensure that the properties of the lateritic 
soil-sand mixture meet the required criteria. Mixing in the pit is 
strongly recommended if the mixture is to be used for a base 

course . 

SUITABILITY INDEX 

According to a study by De Graft-Johnson et al., a parameter 
known as the suitability index (SI) was used to assess the CBR 
of compacted lateritic soils (/). This index is based on the 
percentage of coarse fraction in a soil and the LL and Pl values 
of its fines. The index was defined as follows: 

SJ = 
Percent larger than 2 mm size (I) 

U, log (Pl) 

Their results indicated that the SI was a useful parameter for 
assessing the strength characteristics of samples collected from 
the same climatic and geological areas. From a study on the 

field behavior of lateritic soils in Ghana roads, De Graft
Johnson et al. found that lateritic soils that are suitable for use 
as a base course should have an SI value in a range of 2. 1 to 4.0 . 
Those soils that have an SI lower than 2.1 should be stabilized 
with cement or lime for use as a base course, The SI versus 
soaked CBR relationship of these soils is shown in Figure 6. 
The soaked CBR can be calculated from the following 
relationship: 

CBR 
R2 

= (35 SI - 8) 
= 0.61 

(2) 

Lateritic soils from northeast Thailand have an SI in the range 
of 0.68 to 6.15 with an average of 2.00. ·After classifying the 
lateritic soil samples according to the AASHTO system, the SI 
will be in the range of 2.28 to 6. 15, 1.32 to 2.69, and 0.68 to 1.62 
for the A-2-4, A-2-6, and A-2-7 soils, respectively. The SI is 
highest for the A-2-4 soil, and is lowest for the A-2-7 soil. All 
A-2-4 samples have an SI higher than 2.1, and can therefore be 
employed as a base course. However, all A-2-7 samples have an 
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SI lower than 2. 1; they therefore cannot be used for this 
purpose. For low-quality Thailand lateritic soils such as those 
with an SI lower than 2.1, Vallerga et al. suggested the use of 
cement stabilization to improve their properties for use as a 
base course (/0) . In this study, SI tends to have a linear 
relationship wit h LL and Pl for all soil groups, as shown in 
Figures 7 and 8, respectively. 

THAILAND LATERITIC SOILS AS HIGHWAY 
MATERIALS 

According to the requirements of materials for road construc
tion, soil aggregates for base and subbase courses must have 
hard and durable grains, possess some plasticity, and have an 
adequate bearing value to support the traffic load. It can easily 
be seen that the properties of hardness and durability belong to 
a coarse fraction, whereas the property of plasticity belongs to a 
fine fraction. The property of a high bearing value is a combined 
effect of both the coarse and fine fractions of the soil mass. 
Therefore, when considering the use of Thailand lateritic soils 
in road construction, the durability of the coarse grains, the 
plasticity of the fine grains, and the bearing value of the soil 
mass composed of both fractions must all be accounted for. 

Strength and Durability 

The pa rameters that refl ect the strength and durability or the 
coarse grains of lateritic soil, as discussed previously, arc the 
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TABLE 9 CRITERIA OF SOME AGGREGATE PROPERTIES (8) 

Specific Water Abso rption 
Gravity (%) 

> 2.85 < 4 
2.85-2. 75 4-6 
2. 75-2.58 6-8 
< 2.58 > 8 

*' 
I-z .... 
I-z 
0 
0 

a:: .... 
!;i 
3il 20 

10 

PERCENT SAND IN THE MIXTURE , % 
FIG lJ R E 5 Variation ofliquid li1nit, plastic limit, and plas ticity index 
with percentage of sand in the mixture that passes no. 40 sieve (9). 
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FIGURE 7 Relationship between LL and SI. 

AIY, ACY, and LAA. The Thailand Department of Highways 
adopted an LAA value no higher tha n 40 as a criterion for base 
courses. After investigating the relationship between AIV, 
ACY, and LAA, as shown in Figures 2, 3, and 4, it was shown 
th a t when the LAA equals 40, the corresponding average values 
of AIY and ACY are 44 and 47 , respectively . 

It can be seen from an observation of the average AIY, ACY, 
and LAA that most lateritic soils in Thailand have durable 
grains that are suitable for use as a base course for medium- to 
high-volume roads. However, in Thailand , the recommended 
crite rion is that the LAA, AIY, a nd ACY should each be no 
higher than 50. Other soil aggregates with an LAA value no 
higher than 50 also tend to be dura ble in the environmental 
conditions of Thailand. This recommendation is substantiated 
by the AAS HTO criteria, as was previously shown (2). Evidence 
indicates that soil aggregates with an LAA value no higher than 
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50 could be used in the base course of low- to medium-volume 
roads in Thailand. All roads are still in good condition after 
having been. subjected to traffic for many years. 

Suitability Index and Soaked CBR 

Research on lateritic soils in Ghana by De Graft-Johnson et al. 
has shown that the suitability index has a significant relationship 
with ·oaked CBR, as show[l in Figure 6 and Equation 2 (/). 
The SI generally decreases as the quality of lateritic soils 
deteriorates. Employing the minimum CBR of 80 and 25 for 
base and sub base courses, respectively, as is generally adopted 
by the Thailand Department of Highways, the corresponding 
SI will be 2.5 and 0.94. respectively, following Equation 2. The 
SI of 2.5 is slightly different from the value of 2.1 for a base 
course that was suggested by De Graft-Johnson et al. (/). 

Because ma ny heavy buses and trucks pass along the 
highways, a higher SI should be adopted in Thailand. An SI of 
2.5 or higher should be adopted for roads with high traffic 
volumes. However, if the traffic volume is low to medium, the 
minimum SI should be reduced to 2. 1, as recommended by De 
Graft-Johnson et al. (1). The corresponding CBR value for an 
SI of 2.1 is 60. The soaked CBR of lateritic soils in northeast 
Thailand is generally in the range of 40 to 60. These soils were 
found to be satisfactory for use as a base course in low- to 
medium-volume roads, as shown in Table 10. It can therefore 

TABLE 10 SELECTED HIGHWAYS IN NORTHEAST THAILAND THAT USE SOIL AGGREGATES AS A BASE COURSE 

Length A.D'r Open to Pavement Structure 

No. R()ute (Standard) Traffic Soil A.ggreBates 
Remarks 

(Km.) Vpd. since Surface 
13ase Sub base 

1 Udorn-Nongkhai ( p 1 60 1500-2000 1964 DST 230 mm. 300 mm. -
CBR :z 80 CilR 7 30 -

2 Ma~jakeeree-Chong 17 200 1975 DST 200 mm. 200 mm. -
Sam Mor (F2) CBR ";;> Bo CBH z 15 -

3 Ban Lard-Chong 34 300 1978 DST 200 mm. 200 mm. LAA of base 

Sam Mor (F4) CBR z 80 CBR ')' 15 is 40-50 

4 Bung Karn-Ta 140 320 1974-79 DS T 200 mm. 350 mm. LAi, of base 

Dok Kaew (S3) CBR ";;> 40 CBR z 15 is 40-50 

5 Si ChiangMai-!luai 68 650 1979 DST 200 mm. 200 mm. LAA of base 

Hi an (F4) CBH "7 - 80 CBR 2. 15 is 40-50 

6 Nong Hing-Seka 47 208 1981 DST 200 mm. 200 mm. LAA of base 

-Lao Luang (F 4 ) CBH 7 - 40 CllR 2:. 15 is 40-55 

100% comp. 

7 Kranuan-Yang Ta lad 27 - 1980 DST 200 mm. 200 mm. LA.A of base 

(F4) C Br< "7 40 CBR 2 15 is 45-50 

100% comp. 
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be stated that these soil aggregates for a base course for low- and 

medium-volume roads in Thailand should have ;;oaked CBR 
values no lower than 40 and 60, respectively. 

The soaked CBR values of soil aggregates for a subbase of 

low- and medium-volume roads should be no lower than I 5 and 
20, respectively. 

Plasticity 

According to the plasticity criteria of the Thailand Department 

or Highways, aggregates for base courses should have LL and 
Pl values no higher than 25 and 6, respectively (4). These values 

are similar to those adopted by AASHTO in the United States, 

as was previously stated (2). The present criteria tend to limit 

the use of lateritic soils and other soil aggregates as a road base 

in Thailand. However, after investigating the results of the 

rresent study in Figures 7 and 8, lateritic soils with an Sl of2.5 
will have an LL in the range of24 to 32 with an average value of 

28 and a Pl in a range of9 to 11 with an average value of 10. This 

means that, following the SI criterion of2 .5, latcritic soils with 

an LL no higher than 28 and a Pl no higher than IO could be 

employed as a base course for low- and medium-volume roads. 
These proposed limiting values are slightly higher than those 

presently adopted by the Th<til~nct 11epartment or Highways. 

However, in order to be able to use local soil aggregates in road 

construction, modifications of the original criteria are 

necessary. 
The proposed modifications tend to be substantiated by the 

criteria of other highway departments (5-7). In case of the 

sub base, the values of SI are in the range of 1.5 to 2.0. The 

corresponding LL and Pl values determined from Figures 7 
and 8 are in the range of 36 to 40 and 13 to I 8, respectively. The 

average values of .LL and Pl for a lateritic soil subbase are 
therefore 38 and I 5, respectively. In conclusion, the values of 

LL and Pl are modified from the original values as summarized 

below. 

Base Course 

LL J> 
Pl J> 

28 (originally LL J> 25) 

10 (originally Pl J> 6) 

Suhbase Course 

LL J> 
Pl J> 

38 (originally LL J> 35) 

15 (originally Pl J> 11) 

Percent Passing No. 200 Sieve 

Lyon Associates, Inc., reported from their research on African 

lateritic soils that the Ghana Building and Road Research 
Institute (BRR!) adopted the product of Pl and the percent 

passing a No. 200 sieve as a criterion of soil aggregates instead 

of Pl alone (5). This adoption tends to compensate for the 

ineffectiveness ofnonplastic fines in the soil aggregates, such as 

fine silt and fine sand. The product is 600 and 400 for soil 
aggregates that are used as a base course for low- and medium

volumc roads, respectively. If the percent passing the No. 200 

sieve is 25, then the Pl or the soil aggregate base for low- and 
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medium-volume roads is 24 and 16, respectively. These Pl 
values are considerably higher than those suggested for 
modifications in the previous section. 

The test results of Jateritic soils in Thailand indicate that most 

of them have a percent passing a No. 200 sieve that is higher 

than 20, which is a limiting value for soil aggregates that arc 

used as a base and sub base in Thailand. According to the 
specifications of the BR RI, the percent passing a No. 200 sieve 

for base course materials of low-volume roads is allowed to be 

25 (5). In addition, the U.S. Army Corps of Engineers also 

allowed this parameter to be as high as 25 (J). For the sake of 
employing lateritic soils and other soil aggregate-type materials 

in low- and medium-volume roads efficiently, it is strongly 

recommended that the limiting value of a percent passing a No. 

200 sieve in the original Thailand Department of Highways 
specification should be changed from 20 to 25. 

Clay Mineralogy 

The results of X-ray diffraction analyses of the fine fractions of 

lateritic soils showed that the major clay minerals in Thailand 
lateritic soils are kaolinite and illite. In addition, some clay 

minerals like montmorillonite, vermiculite, chlorite, geothite, 

and quartz were found in many samples. Morin and Parry 

reported from their investigation on Ghana lateritic soil that the 

predominant clay mineral was kaolinite, with an occasional 

accessory of montmoriiionite. Because kaoiinite is a finai slagc 
of chemical weathering in lateritic soil, and both Thailand and 

Ghana are in tropical regions, it is believed that the engineering 

properties oflateritic soils from both countries are comparable. 

Proposed Revised Specifications of the Thailand Department 
of Highways 

Based on the results of the discussions on durability, bearing 

value, plasticity, and percent passing a No. 200 sieve oflateritic 

soils, the proposed revised specifications of the Thailand 

Department of Highways could be drafted as shown in 
Tables I I and 12. 

A number of highways in the Northeast Plateau were 

constructed with soil aggregates as a base course, and some of 
them are shown in Table 10. 

CONCLUSIONS AND RECOMMENDATIONS 

• The aggregate impact value, aggregate crushing value, 

and Los Angeles abrasion value are the mechanical properties 

of a lateritic soil that reflect its durability, and they tend to have 
a linear relationship between each other. 

• The particles of most Thailand lateritic soils have an A IV, 
ACY and LAA value low enough to be employed as a base 

course for low- and medium-volume roads. Some sources might 

have other suitable prorerties, in addition to the durability 

parameter, and could be used as a base course for high-volume 
roads. 

• Thailand lateritic soils have an average value of water 

absorption of about 6, which is considered to be low. They 
therefore do no! have a tendency to be slaked as a result of water 
absorption. 
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TABLE II PROPOSED SPECIFICATIONS OF SOIL AGGREGATES USED AS A BASE 
COURSE FOR LOW- AND MEDIUM-VOLUME ROADS (ADT 1> 1000 VPD) 

Percent Passing, % 

Sieve Size 

2" (50.0 :nm) 

1" ( 25.0 mm) 

3/811 ( 9.5 mm) 

No.10 (2.00 mm) 

No.40 (0.425 mm) 

No.200 (0.075 mm) 

Liquid Limit J> 28 
Plasticity Index]> 10 
Soaked CBR <[ 40 (low volume) 
Soaked CBR <[ 60 (medium vol ume) 
Los Angeles Abrasion J> 50 

Grade 

A 

100 

-

30-65 

15-40 

8-20 

2-10 

Grade Grade 'i Grade 

B c D 

100 - -
- 100 100 

40-75 50-85 60-100 

20-45 25-50 40-70 

15-30 15-30 25-45 

5-25 5-18 5-25 

TABLE 12 PROPOSED SPECIFICATIONS OF SOit AGGREGATES USED AS A SUBBASE 
COURSE FOR LOW- AND MEDIUM-VOLUME ROADS (ADT 1> 1000 VPD) 

Sieve Size 

2" (50.0 mm) 

1" (25.0 mm) 

3/8 11 (9.5 mm) 

No.10 (2.00 mm) 

No.40 (0.425 mm) 

No.200 (0.075 mm) 

Liq uid Limit J> JH 
Plasticity Index J> 15 
Soaked CB R <[ 15 (low volume) 
Soaked CBR <[ 20 (med iu m volume) 
Los Angeles Abrasion J> 60 

Grade 

A 

100 

-
30-65 

15-40 

8-20 

2-10 

• Thailand Jateritic soils have a relatively high specific 
gravity of about 3.0 . The specific gravity of the coarse-grained 
fractions is slightly higher than that of the fine grains. 

• Both the LL and Pl of lateritic soils in this study are 
mostly higher than the criteria of the Thailand Department of 

Percent Passing, % 

Grade Grade Grade Grade 

B c D E 

100 - - -
- 100 100 100 

40-75 50-85 60-100 -
20-45 25-50 40-70 40-100 

15-30 1°5-30 25-45 20-50 

5-25 5-18 5-25 6-25 

Highways. It is therefore recommended that the present LL and 
Pl criteria be modified by introducing the concept of the 
suitability index as adopted by the Ghana Building and Road 
Research Institute. It is hoped that this modification will not 
greatly affect the hearing value of the compacted lateritic soil. 
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• Kaolinite is a predominant clay mineral in Thailand and 
Ghana lateritic soil. 

• Thailand lateritic soils are mostly found in the form nf a 
well-graded, granulated soil. Test results showed that they 
could be classified as G W, GP, and SW, following the Unified 
Soil Classification System. 

• The suitability index of Thailand lateritic soils is relatively 
low, with an average of 2.0. Most lateritic soils in Thailand 
could be used as a subbase, but only minor parts could be 
employed in a base course. 

• The traffic volume should be considered when lateritic 
soils are used as a base course, following the suitability index 
concept. The relatively low SI aggregate that is locally available 
might be adequate for the prevailing conditions. 

• In co11clt"ion , most Thailand lateritic soils could be used 
as a base course for low- and medium-volume roads, and as a 
subbase for high-volume roads, particularly in northeast 
Thailand. 
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The Development of Specifications for the 
Use of Low-Grade Calcretes in Lightly 
Trafficked Roads in Botswana 
A. V. LIONJANGA, T. TOOLE, AND 0. NEWILL 

A full-scale road experiment that incorporated four representa
tive types of calcrete was constructed in Botswana in 1979 to 
determine more appropriate criteria for sealed calcrete bases in 
lightly trafficked roads. The suitability of calcrete for stabiliza
tion with Portland cement or hydrated lime and its mechanical 
stabilization with local Kalahari sand were examined. A test 
section was also constructed in which a calcrete was compacted 
at a moisture content substantially below the normally required 
level as a means of saving water in arid areas. Calcretes were 
also used in the experiment as unsurfaced shoulder materials. 
Standard laboratory tests were made on the calcrete materials 
before, during, and after the construction of the experiment. 
The condition of the experiment was monitored at regular 
intervals by means of measurements of surface deformation, 
rutting, cracking, longitudinal roughness, and surface deflection. 
Panel inspections were also conducted. In addition, traffic 
counts and axle-load surveys were performed, climatic data 
were collected, and the density, moisture content, and strength 
of the pavement layers and subgrade were measured on a 
number of occasions. Satisfactory performance was obtained 
from all untreated calcrete base sections, although it is apparent 
that more strict selection of unsurfaced shoulder material is 
required. The behavior of cement- and lime-stabilized calcretes 
and a mechanically stabilized calcrete was unsatisfactory. In the 
case of the stabilized calcretes, this was attributed to the lack of 
a stabilization reaction (only modification occurred) and the 
instability of the bases under traffic, during which time they 
behaved similarly to single-sized sands. The results of the 
experiment have led to specifications being recommended that 
permit a wider range of calcretes to be used as road bases for 
design traffic levels up to 160,000 equivalent standard axle 
loads. This, combined with existing specifications for higher 
traffic categories, now enables limits for the use of calcretes to 
be clearly defined. Limitations on the use of calcretes as 
unsurfaced shoulder materials are also given. 

Calcrete deposits exist as virtually the only sources of hard 
aggregate or gravel materials suitable for use in pavement layer 
construction throughout the central and western regions of 
Botswana. Their occurrence is generally confined to those 
regions overlain by Kalahari sands, which occupy approximately 
three-quarters of the country (Figure I), although they are also 
found further east overlying older rocks and along drainage 
lines. 

A. V. Lionjanga, Roads Department, Ministry of Works and Com
munications, Private Bag 0026, Gaborone, Botswana. T. Toole and D. 
Newill, Overseas Unit, Transport and Road Research Laboratory, 
Crowthorne, Berkshire, RGI I 6AU, United Kingdom. 

The engineering properties of calcretes are extremely varied, 
and they range in texture and composition from slightly 
calcified uniform sands and soft, powdery soils to hard gravels 
and rock layers. In comparison with most guidelines used in the 
tropics to select road pavement materials, calcretes would 
normally be considered low-grade with only a small number of 
deposits satisfying the commonly applied criteria in regard to 
plasticity, grading, and strength. However, research performed 
in southern Africa has shown that wider specification limits can 
be applied to calcretes without a consequent loss of performance 
(1). This has also been recognized by some other authorities (2). 

In Botswana the greater proportion of calcretes still fails to 
meet the less stringent requirements proposed by Netterberg 
(1). Because of the development and road construction planned 
in the Kalahari region, a need existed to further consider the 
appropriateness of available specifications. Factors that can 
contribute to the creation of a lower specification include the 
strong free-draining sand subgrades (with CBR values often 
greater than 25 percent), low traffic levels (less than 100 vehicles 
per day), and the low rainfall and semi-arid climate of the 
region . 

A cooperative research project involving the Botswana 
Ministry of Works and Communications and the Transport 
and Road Research Laboratory of the United Kingdom has 
been in progress since 1978 to determine appropriate selection 
criteria for sealed calcrete bases in lightly trafficked roads. As 
part of this project, a full-scale road experiment that comprised 
nine different experimental sections and two control sections, 
each 100 m in length, was constructed. The site of the 
experiment was 9 km from Jwaneng on the new road that was 
being built from Kanye to Jwaneng. A new diamond mine a·nd 
the town of Jwaneng were being developed, so it was expected 
that the experiment would carry more traffic during its early life 
than would normally be expected on the trans-Kalahari routes. 

In the experiment, four different calcretes representing the 
range that occurs in the region were assessed as road base 
materials under a double bituminous surface dressing. One of 
the calcretes of lower quality was also used to evaluate its 
suitability for stabilization with Portland cement or hydrated 
lime; another 'Yas mixed with the local Kalahari sand in equal 
proportions to determine whether savings could be made in the 
haulage of material. In addition, another of the calcretes was 
compacted at a moisture content considerably below the 
normally required level as a means of saving water in dry areas. 
A further section was constructed and left unsurfaced for a 
number of months prior to surfacing and opening to traffic to 
determine whether any gain in strength on drying would be 
maintained in subsequent years. 

Other important aspects of the experiment were to assess the 
performance of the different calcretes as unsealed shoulder 
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materials and to observe the behavior of the side slopes of the 
sand embankment. 

A description is provided of the classification and properties 
of the materials used in the experiment, its design and 
construction, and its performance over a period of 7 years. 
Recommendations are made from the results obtained for the 
use of calcretes up to the level of traffic carried so far. 

THE DESCRIPTION AND CLASSIFICATION OF 
BOTSWANA CALCRETES 

Calcrete is a member of the pedogenic soils group in which a 
host soil is modified by the precipitation of soluble minerals 
introduced by groundwater. In Botswana the host soil is 
commonly the medium- to fine-grained Kalahari sand, to which 
carbonates of calcium or magnesium are added to form rubbly, 
nodular, or powdery horizons within the sand. In certain areas 
the host soil may alternatively be natural gravels or weathered 
rocks, particularly in the Kalahari fringe areas. 

The amount and type of carbonate present, and its degree of 
crystallinity, create a variety of calcareous deposits, all called 
calcrete, that vary from loose, calcified sand to massive, hard 
"rock." The proportion of sand to carbonate and the degree of 
induration determine its hardness and to some extent its 

grading, two of its most important engineering properties. A 
certain amount of mineral fine material, for example, water
soluble salts and clay minerals, may also be present in calcretes. 

In Botswana a simple morphological classification of common 
calcrete types based on the South African groupings has been 
adopted and these are distinct both physically and in their 
engineering properties (/). They are calcified (or calcareous) 
sand, powder calcrete, hardpan calcrete (including "boulder 
calcrete"), and nodular calcrete. In other areas of the world, 
similar accumulations of material rich in calcium carbonate 
exist and are known locally by a variety of names including 
caliche (United States) , kunkar (East Africa, India, and 
Australia), kurkar (Israel), and jigilin (Nigeria). A description 
of the types recognized in Botswana follows. 

Calcified (or calcareous) sand consists mostly of host soil 
grains and may exhibit the characteristic uniform particle size 
distribution of an unaltered Kalahari sand. Weak cementation 
between sand grains may have occurred, although the in situ 
deposit is generally loose. The amount of calcium carbonate is 
normally low, often less than 10 percent by weight, and any 
gravel-sized particles are easily broken. 

Powder calcrete contains a higher proportion of calcium 
carbonate (greater than 30 percent) and the host soil grains are 
proportionately less visible. The in situ material may have 
acquired a laminar, blocky, or massive structure; it can 
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normally be excavated with a pick axe, although it can be very 
difficult to remove. The material may retain its original 
proportions of the various fractions with restricted handling, 
but because of its essentially soft nature, being composed 
largely of a fragmented mass, it is easily broken down in 
handling. 

Hardpan calcrete co11Jd be considered a development of a 
powder calcrete into a calcrete rock. The calcrete is generally 
much harder, and excavation requires the use of a mechanical 
ripper. Subsequent breakdown of particles during handling and 
compaction is considerably less than powder calcrete, and 
crushing, screening, or grid rolling is frequently necessary to 
remove oversized pieces or reduce them to a specified maximum 
size. 

Completely indurated hardpan separates into discrete boulders 
upon weathering to form "boulder" calcrete. Unweathered, 
massive hardpan and large boulders can be very difficult to 
remove and blasting may be necessary. However, the material 
could be useful in regions in which no conventional rocks exist, 
because it can be hard enough to be used as a high-quality road 
base or surfacing aggregate. 

Nodular calcrete is a natural calcrete gravel composed of a 
high proportion (greater than 50 percent by weight) of rounded 
gravel-sized nodules of calcium or magnesium carbonate and 
quartz, in a matrix of powder calcrete or calcified sand. The 
material is typified by a generally well-graded particle size 
distribution and a hard aggregate fraction, although the 
hardness of the nodules varies greatly. 

Nodular calcretes are often considered the most useful 
calcrete for pavement layer construction, by virtue of their 
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relatively good grading, mechanical interlock, and ease of 
excavation. Nodular calcretes may become partly cemented; in 
this stage of development they are referred to as honeycombed 
calcretes. Further cementation would lead to an indurated 
hardpan d!!posit. 

Any one or a number of the types described may occur in a 
calcrete profile, which creates deposits of variable .quality, the 
properties of which may change both in a lateral and vertical 
direction. 

PROPERTIES OF THE MATERIALS USED IN THE 
EXPERIMENT 

Calcrete Base Materials 

Four different calcretes were chosen to represent the types that 
occur in Botswana and to obtain a range of materials that 
possessed engineering test properties that both satisfied and 
extended outside the lower quality limits of existing specifica
tions (e.g., TRRL Road Note 31) and those developed for 
calcrete road bases in southern Africa (see Table 1) (1, 3). The 
calcretes chosen included a hardpan calcrete, a nodularcalcrete, 
a powder calcrete of low plasticity, and a plastic calcified sand. 
The calcretes were assigned the sample numbers BG I, BG4, 
BG6, and BG7, respectively. 

The results of grading tests that were performed on samples 
taken from the completed road are given in Table 2 and their 
mean particle size distributions are shown in Figure 2. Also 
shown in Table 2 are the test results for the mechanically 

TABLE 1 EXISTING GUIDELINE SPECIFICATIONS FOR THE SELECTION OF LIGHTLY TRAFFICKED CALCRETE BASES 
(3-5.) 

Test 

Maximum size of material 
(mm) or range of sizes 

Minimum grading modulus 
Percentage passing the 

425-µm sieve 
Percentage passing the 

63-µm sieve 
Maximum liquid limit (%) 
Maximum plasticity index 
Maximum linear shrinkage 

(LS)(%) 
Maximum LS times percentage 

passing 425-µm sieve 
Minimum CBR after 4 days of 

soakingb 
Minimum dry 10% FACT value 

(kN) 
Minimum soaked 10% FACT 

value (kN) 
Minimum relative field 

compaction (%) 
Total soluble salts (%) 

Note: ns = not specified . 

TRRL 
Road Note 31 
Design Traffic 
<2.5 X 106 ESA 

37.5 

ns 
12-25 

5-15 

25 
6a 
4 

ns 

80 

ns 

soc 

100 ssb 

ns 

acan be raised to 12 in arid and semi-arid areas. 

NITRR Bulletin IO 
Expected Traffic Category (vdp) <20% >3 tonnes 

<500 500-1000 1000-2000 2000-4000 

19-37 .5 37.5-53 37.5-53 37.5-53 

1.5 1.5 1.5 1.5 
15-55 15-55 15-55 

ns llS ns ns 

40 35 30 25 
15 12 IO 8 
6 4 3 3 

320 170 170 170 

60 at 2.5 mm 80 at 2.5 mm 80 at 2.5 mm 80 at 2.5 mm 
80 at 5.0 mm 80 at 5.0 mm 100 at 5.0 mm 100 at 5.0 mm 
nsd 80 110 110 

ns 50 50 50 

98% modified AASHTO 

<0.2 <0.2 <0.2 <0.2 

b At 100% BS, 2.5-kg rammer method . In practice, a higher field compaction of 97% BS, 4.5-kg ram mer method is often specified and the CBR is based on this. 
cA minimu m 10% Fines Aggrcgnte Crushing Test value is suggested by TRRL; a maximum modified aggregate impact value of 40% is suggested as an alternate. 
d An aggrega te pliers value of 5.0% is usually specified. 
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TABLE 2 LABORATORY TEST RESULTS FOR THE CALCRETE BASES 

Soil clasnification tests 

Liquid Plastic Plasticity Linear % pass ing % passing 
Sample limit limit index shrinkage f\~aximum 425 ~m sieve 63 µm sieve 

designation (LL) (PL) (PI) (LS) particle 
size - - - - - -Range x Range x Range x Range x (mm) Range x Range x 

BG l 22-28 25 17-20 18 5-8 7 3.6-3.8 3.7 37-75 33-47 39 6-20 12 

BG 4 34-57 44 17-30 24 13-31 20 6. 3-13 .• 8 8.5 50-75 32-45 37 10-23 14 

BG 6 36-44 39 28-35 30 7-9 9 2.9-4.5 3.6 26-53 58-65 62 29-3G 33 

BG 7 32-41 36 19-24 21 13-17 15 5.7-7.6 6.2 20-37 75-86 81 20-34 28 

BG 4 plus 25-33 28 15-17 16 8-17 12 5-7.7 5.8 37-75 56-69 63 14-22 16 
sand 

- .. .. - . ·-
£._ompaction . and strength tests 

BS 4.5 kg rarnmer 4-day soaked CBR test result 
compaction 1:es t 

Sample BS 4.5 kg rammer test 
designation Maximum Optimum --dry moisture Range x 

de11i;ily content 
(kg/m') (%) 

BG l 1972 9.5 110-172 148 

BG 4 1964 10.5 81~180 123 

BG 6 1490 25.0 21-92 51 

BG 7 ).836 12.2 19-64 31:J 

BG 4 plus 2058 g,4 J.9-103 48 
sand 

~gcreen te tests 

- . . - -
Ten per cent fines cr·ushine value (KN) 

Sample 10-14 mm size >20 mm size 
desienation 

Dry Soaked Dry Soaked 

BG 1 18-20 9. 5-11 37-·15 29-31 

!JI} 4 37-42 43 68-122 -
. -·· -

stabilized sand/ calcrete that consisted of the nodular calcrete 
( BG4) mixed with an equal proportion of the uniformly graded 
local Kalahari sand. British Standard (BS) procedures and 
preparation methods were used in the conduct of the soils 
classification tests (6). 

The results of the classification and strength tests indicated 
that the calcretes BG I and BG4 were potentially better road 
pavement materials than BG6 and BG7, although they did not 
satisfy all specification requirements, particularly in regard to 
plasticity and grading. The testing did, however, show that high 
soaked CBR values could easily be obtained with the better
graded calcretes. 

The nodular and hardpan calcretes also possessed a sufficient 
proportion of hard aggregate particles, which enabled their 
aggregate strength to be evaluated using both the BS Ten 
Percent Fines Aggregate Crushing Test and the Modified 
Aggregate Impact Test (see results in Table 2) (4, 7). 

The more poorly graded calcretes displayed low and variable 
CB R values and possessed few gravel-sized particles; those that 

-
BS 2.5 kg rammer test 

. -Range x 

42~67 54 

44-141 (j!J 

10-39 23 

8-26 14 

20-73 38 

Modified ageregate impact va lue 

10-14 mm size >20 mm size 

Dry Soaked Dry Soaked 

96-13(1 120-150 54-64 51-57 

42-84 40-87 17-27 15-26 
·-~~ . 

were present were easily broken. The low particle strength of 
powder calcrete BG6 was reflected in its change in grading, as 
shown in Figure 3, which occurred as a result of field compac
tion. 

The mixing of BG4 and the local sand produced a gap-graded 
material, the particle size distribution of which is shown in 
Figure 4. The results of testing samples taken following field 
mixing also illustrated the variability that can be expected, 
particularly in relation to CBR values. 

The low quality of BG7 led to its being selected for 
stabilization by the addition of Portland cement and hydrated 
lime. An initial series of tests performed in the laboratory on 
samples taken from the borrow pit had shown that high 
strengths could be obtained by the addition of a low amount of 
stabilizer. The results of the testing of samples taken after field 
mixing and curing in the laboratory confirmed this (see 
Table 3). The addition of cement and lime also led to a decrease 
in the plasticity index of the calcretes (see Table 4) and the 
aggregation of the silt and clay particles (Figure 5). This caused 
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TABLE 3 LABORATORY TESTS ON STABILIZED SAMPLES OF BG7 TAKEN AFTER 
FIELD MIXING 

Section Ma t e r ial Curing 
descript ion per iod 

( day s ) 

Ca l c r ete BG 7 
7 

4 and 
3% cement 

28 

Calcrete BG 7 
7 

5 and 
3% hydril tP.rl 1 i mP. 

28 

the amount of material passing the 63-µm sieve to decrease from 
between 25 percent and 37 percent in the untreated material to 
between 11 percent and 24 percent in the treated material. 

Chemical and mineralogical tests were performed on the 
calcretes to determine their composition and to identify the 
minera l types present and their amount. The test results shown 
in Table S confirmed the presence of a large amount of quartz in 
the samples, which reflected the contribution of the host 
material , and varying amounts of calcium and magnesium 
carbonate. The low amount of calcium carbonate in BG7 
confirmed its classification as a calcified sand. 

BS 4.5 kg rammer t e st 
Moisture 
con ten t Dry d ensity CB R 

(%) (Kg/ m' ) (%) 

9.3 1803 117 
and and and 
9.8 1814 122 

8.1 1742 135 
and and and 
8.2 1849 194 

8.5 1751 65 
and and a nd 

10.5 1736 126 

7.6 1686 124 
and and and 
9.8 1741 197 

Kalahari Sand 

The particle size distribution of the Kalahari sand shown in 
Figure 4 is that of a uniform, medium-to-fine sand with a 
coefficient of uniformity between 3 and 4. The sand was 
nonplastic in the standard plasticity tests but was plastic when 
the fraction finer than 0.063 mm was tested (see Table 6). This 
plasticity and the small amount of iron oxide that was present 
were responsible for the slight cohesion exhibited by the sand. 

The results of CBR tests (Table 6) showed that the sand 
satisfied the requirements for subbase for lightly trafficked 
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TABLE4 PLASTICITY CHARACTERISTICS OF THE STABILIZED MATERIALS 

Material Before Field 

Section Description Mi ... ing 

LL PL Pl LS 

Calcrete BG 7 
4 and 41 24 17 7.6 

3 percent cement 

Calcrete BG 7 
5 a nd 41 24 17 7.6 

3 percent hydrated lime 

"' c: 60 
~ .. 
c. 

"' ~ 
~ 
0 
:;; 40 

0.. 

After Field Mixing 
and Compaction 

LL PL Pl LS 

28 24 4 2.1 

29 24 5 2. l 

Plastic powder calcrete BG 7 

BG 7 after the add ition of 
cement and lime 

After 3 Years 
in the Road 

LL PL Pl 

23 18 5 

26 16 10 

After 4 Yea rs 
in the Road 

LS LL PL Pl LS 

2.5 27 21 6 3.6 

4.l 27 19 8 2.1 

63 150 425 

(µm) 

1.18 2.36 5 10 20 37 .5 75 

BS sieve sizes (mm) 

Fl G URE 5 Grading envelope of the plastic calcified sand before and after it was mixed with 
cement and lime. 

roads (3). The sand therefore was used to form the low 
embankment of the road , the subgrade, and the subbase 
beneath the calcrete bases in the experimental sections. In the 
experiment, the upper layer of the sand was referred to as the 
finished subgrade. 

Control Materials 

Conventional gravel materials that were derived from quartzite 
and granite and the properties of which complied with the 
specifications used in the main construction contract were used 
as base and subbase materials in adjacent sections of the road . 

These materials were incorporated into the experiment to act as 
control materials. Their test properties given in Table 7 confirm 
their suitability in relation to the specifications given in Table I. 

DESIGN AND CONSTRUCTION OF THE EXPERIMENT 

The layout of the experiment is shown in Figure 6. A typical 
cross-section of the original design is illustrated in Figure 7. 
Construction of the experiment took place in April 1979 and 
formed part of the main construction contract for the Kanye to 
Jwaneng road . 



TABLE 5 RESULTS OF CHEMICAL AND MINERALOGICAL TESTS ON THE CALCRETES 

Calcium carbonate 
X-ray diffraction results 

Sample 
content (%) 

description 
Fraction 

Total 
passing the 

Main Other Trace Dominant 
sample 

425 µm sieve 
minerals minerals minerals clays 

BG 1 40 29 Cc Q F,D K 

BG 4 32 22 Cc,Q D F P,Mm 

BG 6 38 32 Cc Q F,D -
BG 7 16 15 Q Cc F,D Mm 

Abbreviations: Calcite (Cc); Quartz (Q); Dolomite (D); Feldspar (F); 

Palygorskite (P); Montmorillonite (Mm) ; Kaolini~e (K). 

TABLE 6 RESULTS OF LABORATORY TESTS PERFORMED ON THE SAND 

SUBGRADE MATERIALS 

Maximum Optimum CBR (%) 

Leve l of dry moi s tu r e 
comp;.:i;c.tion de ns i t y cont ent After At 

( Kg/m') (%) 4 day soak OMC 

BS vibrat:ing hammer 1950 7-7 . 5 80- 1~0 110-1 30 

BS 4.5 kg r amrner 1895-1915 7-8 80-100 75-140 

BS 2.5 kg ramme !"' 1880 7.5-9 35-95 60-70 

Propert:ies of the material passing t he 
63 µm si eve 

% passing 63 µm sieve 7-15 

Li nea,.- s hri.nkage 7.1-9.3 

Fineness index 160-180 

Note Fineness index :- Defined as the product of the plasc i city 
index det e,.-mi ned on ma~erial l ess th an 63 µm and t he % 
passing th e 63 µm sieve 

TABLE 7 LABORATORY TEST RESULTS OF THE MATERIALS USED IN THE CONTROL SECTIONS 

Soil p lasti c i t y Par ticl e size 
BS 4.5 l<g 

ramm c r tes t 
Sec tion Layer 

Max . %-425 %- 63 Optim11m 
LL PL PT LS t3iZe µm µm Maximum rnoi s lure 

(mm) SJCV e sj e ve density con t e 11 t 
(Kg/rn' ) ( %) 

A l3ase 16 11 5 2. 9 37. 5 38 12 2 1 ~10 7 . J 

A a nd n S11b-bas e 19 13 6 2. 2 7 5 47 12 21 70 6. 4 

13 Base 18 - NP - 50 23 10 2 200 5 . 7 

3
Calculated at 98% and 95% relative compaction of the maximum density of the BS 4.5 kg 
r ammer te s t whi ch correspond s to required f ield compaction levels for h~ges rtnrl suh
bases r espectively. 

4 day 
sori\~ P. d 

Clm (%)a 

9El% ~!)% 

ti! -
115 70 

120 -
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Section A 2 3 4 5 6 7 B 9 B 

Surfacing Double surface dressing 

BG7 + BG7+ BG4 + 
BG4 BG1 OG Base WG BG6 BG6 BG7 

lime sand 
BG4 

cement 

Sub-base FG Medium - fine grained , uniformly graded 
FG 

'Kalahari' sand 
Subgrade 

Note Each section = 1 OOm in length 

2 Design thickness of base= 150mm 

3 A and B =control sections 

4 Description of pavement materials :

BG1 - Hardpan calcrete 
BG4 - Nodular calcrete 
BG6 - Powder calcrete 
BG7 - Plastic calcified sand 
WG - Weathered granite gravel 
FG - Ferruginised quartzite gravel 

OG - Quartzite conglomeratic gravel 

FIGURE 6 Layout of the full-scale experiment. 

Surfacing = 6 7m 

Shoulder Ii-------------+ 
l~l:•-----P-ri_m_e_=_7_.o_m _____ 1~1 

Ditch I· 2.5m 

Side slope 

.. .. ... I >3.4m I 

Original ground 

Note : the side slope angle was changed to 1 in 6 after 2 years 

FIGURE 7 Typical cross-section and pavement details. 

Preparation of the Road Bed and Construction of the Sand 
Embankment 

The construction involved the clearing of vegetation followed 
by the compaction of the in situ Kalahari sand road bed at its 
natural moisture of I to 2 percent using a 15-ton towed 
vibrating roller. The sand embankment was raised by a motor 
scraper operation; compaction was performed at a moisture 
content of 3 to 4 percent using pneumatic-tired and self
propelled vibrating rollers. 

High levels of compaction, in relation to the maximum 
density obtained in the BS 4.5-kg rammer test, were achieved in 
the sand (see Table 8) down to a depth of over I m below the 
finished subgrade level (6). 

Construction of the Pavement Layers 

The calcrete base materials were laid and compacted in a single 
15-cm layer directly onto the prepared sand subgrade. Careful 

control of trafficking and the provision of access ramps at 
convenient intervals ensured that no damage was done to the 
sand subgrade. The untreated bases were mixed and processed 
by a motor grader. Compaction was performed with a grid 
roller, a 15- to 30-ton pneumatic-tired roller, and a 9-ton towed 
vibrating roller. Although the inclusion of the grid roller was 
only recognized as being a necessity for the nodular and 
hardpan calcretes, it was used on all sections. 

The cement- and lime-stabilizing agents that were added to 
Sections 4 and 5, respectively, were initially spread by hand over 
a loose thickness of calcrete after which they were introduced 
into the base material by a multi-pass pulvimixer operation. 
The mixing process, including the addition of water, took over 3 
hours to complete. Compaction followed immediately and a 
prime coat of MC30 was applied within 24 hours. 

The sand/ calcrete base was constructed by spreading the 
calcrete to a loose thickness before dumping and spreading an 
equal amount of sand. The mixing process was performed by 
pulvimixer and compaction was performed as described earlier. 

The compacted densities, mixing moisture contents, and 
constructed thicknesses for the calcrete base materials are given 
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TABLE 8 RESULTS OF IN SITU TESTS IN THE SAND 
SUBGRADE AND EMBANKMENT (4) 

Depth Below the Bottom of the 
Base Layer (mm) 

0-150 150-600 600-1200 

Average relative 
compaction (%)a 97.8 96.8 94.l 

Coefficient of 
variation (%) 1.8 1.8 3.5 

Lowest relative 
compaction result (%) 94.4 93.7 86.9 

Number of tests 36 10 15 
Specified minimum 

relative compaction (%) 95 93-90 90 

a Relative lo the maximum density in the BS 4.5-kg ram mer test. 

in Table 9. The relative compaction levels for the stabilized 
sections are based on samples in which stabilizer was introduced 
before laboratory compaction. 

Specifications normally require relative compaction levels 
for bases to be above 97 percent of the maximum density 
obtained in the BS 4.5-kg rammer test. In this respect, the 
densities that were obtained in Sections I and 2 using the 
powder calcrete (BG6) were extremely low. It was believed that 
the reason for this was related to the high amount of energy 
input in the laboratory compaction test, which allowed a higher 
density to be obtained as a result of a greater amount of particle 
breakdown than occurred in the field. However, no supporting 
evidence exists to substantiate this. 

Another reason for the low relative densities of Sections 1 
and 2 could be the result of differences between the optimum 
moisture contents obtained in laboratory compaction tests and 
those of the compaction plant used. 
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Water for Construction 

Substantial quantities of water were required at all stages of 
construction. Estimated quantities used in the construction of 
the experiment are given in Table 10. The water requirements 
for embankment construction are based on the minimum 
embankment height of 0.6 m. On the project water was 
available at 5-km intervals along the alignment from 300 m 3 

reservoirs constructed of sand with a lining of plastic sheeting. 
A pipeline connecting the reservoirs was fed by a borehole 
system at the southern end of the project. 

The variation in water requirements illustrates the differences 
that can exist between in situ moisture content and compaction 
moisture content for the materials used. 

Surfacing of the Experiment 

An MC30 bituminous prime was applied to all experimental 
sections following the completion of the stabi I ized base sections. 
A doubie surface dressing, consisting of a i 9-mm first stone 
layer followed by a 9.5-mm second layer using an 80/ 100 
penetration grade binder was applied in September J 979. The 
surfacing stone was a "Witwatersrand quartzite. "The shoulders 
of the calcrete sections were not sealed. 

Construction of the Control Sections 

The two control sections were constructed under normal 
contract conditions. The pavement comprised two layers, both 
15 cm in design thickness, consisting of a quartzite gravel 
subbase with a base of naturally occurring weathered granite 
gravel in Section A and a crushed and screened conglomeratic 
quartzite gravel in Section 8. The carriageway of the control 
sections was surfaced with a double surface dressing; their 
shoulders received a bituminous seal with graded crushed fines 
as the covering aggregate. 

TABLE 9 IN SITU TEST RESULTS ON THE CALCRETE BASES 

Field den'> i Ly tests 
Tl1ickncss of b;1s1~ :r:.:-11_1 'l': .l ~ 

Section 1\v1~rc1ee 
("1"1) 

Nu. 
Cocffic ic·n t % 

mi xLng 
Coe· ff i c i ·.:: i 1-Dr·y 

rnu1s ~- u~·c J\vcrugc 
r!t~ns i ty of Rel i1 ti VP. r1f 

(Kg/rn3) var.i u1:J 011 comp:-1c ~iona 
ron \,en t depth 

V~1~ · .:_,1 ~-iOl~ 

(%) 
( ~:.) 

(%) 

12:3'3 1.0 U2.'/ JU 15:) LI.I_) 

;> l;!.rJG 3.0 811.'.J 2] 142 l. .. '.) 

3 1750 5.0 9'). '_) 12 l C>O l l .') 

'1 17'11 8.0 'YI .2 9. :.) lGG 4.h 

5 lG~)g 3.0 97.4 9.'1 167 H. ~) 

G l 'l'J.'3 2.4 '.J'.i.O 7.3 lGG l U.2 

'/ l()tl(i 2.2 99.1 10.2 198 3. ~) 

8 l lj 1iB 3.5 97.9 10.2 19(1 l l. 11 

'l 1 °l'J l 4.2 90.U 11. 0 l '/() ~) . ~) 

Note: Six tests performed per section. 
0 % of maximum dry density obtained in the BS 4.5 kg ranuner test. 
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TABLE 10 QUANTITIES OF WATER REQUIRED FOR COMPACTION 

Quantity 
of Water 

Natural Compaction Added 
Material Moisture Moisture per 100 m 

Section Designation Content (%) Content (%) (liters)" 

I BG 6 9.0 
2 BG 6 9.0 
3 BG 7 9.8 
7 and 8 BG 4 9.4 
9 BG I 5.2 

Sand embankment 1-2 

"Additional 3 percent added for evaporation losses, 

POST-CONSTRUCTION MEASUREMENTS AND 
RESULTS 

Since construction was completed in April 1979 and the 
experiment was opened to traffic in November 1979, a program 
of measurements and observations to assess the performance of 
the experiment was undertaken at regular intervals. This 
included both direct and indirect testing of the road pavement 
and individual layers. Traffic and climatic data were also 
recorded. Further details of the types of measurements are 
included in Table 11. The results are discussed in the following 
sections. 

Testing of the Calcrete Bases 

The results of moisture content determinations are shown in 
Figures Sa to Sc and are expressed in terms of the equilibrium 
moisture content ratio (EMCR) as follows (8). 

Percent of in situ moisture content 
EMCR = -------------

Percent of optimum moisture content 
(BS 4.5-kg rammer test) 

The results show that the EMCR in t_!ie outer (verge-side) 
wheelpath of all sections increased with higher values, often 

TABLE 11 POST-CONSTRUCTION MEASUREMENTS 

Activity 

32.0 45 000 
22.0 26 000 
13 .0 10 000 
10.2 2 350 
11.0 17 000 

3-4 110 000 

above unity, that were obtained in sections that contained the 
plastic and more fine-grained materials (Sections I to 6). In 
most cases the EMCR in the center of the road was substantially 
lower. 

The results of in situ strength tests, reported as equivalent 
CBR values, are shown in Figures 9a to 9c. In situ CBR values 
that ranged between 20 and 50 percent were obtained in the 
verge-side wheelpath of Sections l to 6. Included in these 
sections are those sections that were stabilized with cement and 
lime (Sections 4 and 5). The low strengths of Sections 4 and 5 
indicate that effective stabilization did not occur and only slight 
modification of the plasticity of the materials was achieved (see 
Table 4). The absence of any hardening of the bases by a 
cementitious reaction was observed in the months immediately 
following construction and before surfacing, during which time 
the bases were left primed. Changes in moisture content in the 
base during this period, as a result of climatic variations, were 
mirrored by strength changes that indicated the lack of 
cementing and the inefficiency of the MC30 prime coat as a 
curing and waterproofing membrane. The use of MC30 in this 
instance was a result of the lack of a suitable curing membrane. 
It was also expected that the surfacing would be applied soon 
after construction, although this was not the case. 

Subsequent field testing has also shown that the stabilizers 
had carbonated within 2 years following construction, although 
this in itself may not have affected the cementitious reaction. In 
situ CBR values in the nodular and hardpan calcrete bases 

Frequency 

Measurements on 
test sections 

Visual examination to note general condition of the road, such as the 
formation of cracks, potholes, and fretting. Shoulders and side drains 
are also included . 

Monthly 

Traffic 

Climate 

Cross-section profiles to measure deformation and rut depths. 
Ruts are also measured using a 2-m straightedge. 

Deflections and radius of curvature. 
Surface roughness (riding quality) using a vehicle-mounted bump 

integrator. 
Subsurface measurements on all pavement layers and below subgrade 

level to include density, moisture, and strength. 

Traffic flows from an automatic traffic counter. 
Classified traffic counts and axle load surveys at six monthly intervals. 

Daily measurements of rainfall and air temperature. 

Every 6 months 

Every 6 months 
Monthly 

Every 12-24 months 
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(Sections 7 to 9) remained in excess of 80 percent, which 
validates their initial classification as better pavement materials. 
No difference emerged between the strength of Section 8, which 
was left unprimed for a number of months, and Section 7. 

Testing of the Sand Subgrade and Embankment 

The strength and moisture content of the sand subgrade and 
embankment were measured to a depth of600 mm at positions 
along the centerline and in the outer (verge-side) wheelpaths. 
The results of tests on the top 150 mm of the sand subgrade are 
shown in Figures 10 and 11. The CBR values in particular show 
tha.t a progressive decrease in strength occurred under the 
verge-side wheelpath of all sections. The rate of decrease was 
greatest under the poorer caicretes. This was reflected in a slight 
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FIGURE 10 Subgrade CBR values for three monitoring dates. 
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increase in the equilibrium moisture content ratio. CBR values 
under the outer wheel path were as low as 15 to 20 percent. These 
strengths were considerably lower than those obtained at 
equivalent densities and moisture contents in the laboratory. 
This indicates that considerable overestimation occurred in the 
laboratory test, which was probably because the laboratory 
tests on sands were influenced by the confining effect of the 
mold. 

Deflection Measurements 

Transient deflection tests using the standard TRRL test method 
were performed at 28 test points in each section (9) . The overall 
mean deflection histories for the nine calcrete sections are 
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FIGURE 11 Equilibrium moisture content ratios in the subgrade. 
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shown in Figure 12. The highest deflections were obtained 
following the wet season of 1980/ 81; since then reasonably 
constant , but lower, values were measured. On the basis of 
deflections, the experimental pavements can be divided into 
two groups: Sections 1 to 5, with bases of the powder calcretes 
and calcified sands, and Sections 6 to 9, with bases of nodular 
and hardpan calcretes and the sand / calcrete mixture. A more 
detailed illustration of the deflection histories of two of the 
sections , Section 3 (the untreated plastic calcified sand) and 
Section 7 (the nodular calcrete), is shown in Figure 13. It can be 
seen that the verge-side wheelpath deflections of Section 3 are 
considerably higher than the centerline position. This effect is 
less noticeable in Section 7, because of the high strength of the 
nodular calcrete base material and the higher subgrade strength 
for the full width of the road . 
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Radius of Curvature 

Radii of curvature were measured by conducting deflection 
tests with the loaded vehicle moving forward in increments to 
enable a deflection bowl to be obtained. The value of the test is 
that it can often provide more information on the load
spreading properties of the upper pavement layer than can be 
determined by the normal transient deflection test. 

The tests were conducted in the off-side wheelpath of the 
more heavily trafficked Jwaneng-bound direction. The result~ 
shown in Figure 14 provide further evidence that no cemen
titious reaction occurred in the stabilized bases of Sections 4 
and 5. These sections had lower radii of curvature than the 
unstabilized section that was constructed using the same 
original material. 

& Section 2 D Section 3 

1982 1983 1984 1985 

& Section 5 D Section 6 

1982 1983 1984 1985 

• Section 8 D Section 9 

1982 1983 1984 1985 

FIGURE 12 Mean transient deflection values versus time. 
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Transverse Deformation 

Rut depths were measured under a 2-m-long straight edge using 
a calibrated wedge. The results of measurements taken in the 
verge-side wheelpath of the Jwaneng-bound traffic direction 
are shown in Figures I 5a and I 5b. Deformation in all other 
wheelpaths was insignificant at less than 5 to 10 mm. 

The sections that showed the most deformation were those 
sections that were originally stabilized, both mechanically and 
chemically. The rate of progression of deformation in these 
sections was greatest early in the life of the experiment, which 
coincided with both a high ra:te of loading and the high rainfall 
in 1980/ 81. 

In May 1986 trenches were dug across the width of the road in 
those sections with excessive deformation and it was observed 
that the rutting was confined to the base layer. 
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Verge side } 
Off side Towards Jwaneng 

Verge side } 
Off side Towards Ka nye 

Riding Quality 

Measurements of riding quality were taken using a vehicle
mounted bump integrator. The vehicle response readings were 
converted to equivalent towed, fifth-wheel roughness values 
(expressed in mm/ km) by use of the TRRL road roughness 
calibration beam (JO). 

The results obtained distinguished between the surface 
roughness of Sections l to 6, which had values in the range of 
2500 to 3500 mm/ km, and Sections 7 to 9, the values of which 
were between 3000 and 4500 mm/ km. The relative differences 
in roughness confirmed the visual assessment that the more 
coarsely graded calcretes were rougher. The values, however, 
were higher than expected and may be the result of the short 
100-m experimental lengths, which made it difficult for the 
plant to obtain smooth surface finishes, particularly in the 
zones of intersection. 
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Manual, classified traffic counts conducted at six monthly 
intervals were supplemented by readings obtained from an 
automatic, pneumatic tube counter installed at the site of the 
experiment. Daily traffic (24-hr) has increased from 180 
vehicles in November 1979 to 260 in June 1986. In this time, the 
proportion and number of heavy commercial vehicles have 
decreased as a result of the completion of the construction of the 
mining complex and town at Jwaneng. 
· Axle load surveys were conducted using the TRRL portable 
weighbridge system (l J), Factors derived from the AASHO 
Road Test were used to express all axle loads in terms of an 
equivalent number of standard (80-kN) axle loads (ESA). The 
equivalence factors used were calculated from the following 
formula: 

Equivalence factor= (axle load in kgf/8160 kgf)4·5 

In the period up to mid-1986 it is estimated that 160,000 ESA 
were carried in the more heavily trafficked Jwaneng-bound 
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traffic direction. Details of the traffic and axle loading are given 
in Table 12. 

Rainfall 

Measurements taken at a nearby meteorological station at 
Jwaneng indicate a large variation in annual rainfall, ranging 
between 200 mm and 800 mm, during the life of the experiment 
(see details in Table 13). 

The reported mean annual rainfall for the area was 400 mm, 
which normally falls in the summer months of November to 
March. The experiment therefore experienced the drought 
conditions of recent years and the excessively wet rainy seasons 
earlier in the decade that affected southern Africa. 

PERFORMANCE OF THE EXPERi MENT 

Calcretes As Road Bases 

The results of the experiment have shown the following: 

• The four untreated calcretes used in six of the sections 
(Sections 1 to 3 and 7 to 9) have performed satisfactorily and as 
well as the control sections up to the present cumulative traffic 
loading of 160,000 ESA during the 7 years since construction. 
This has been supported by the minimal amount of rutting that 
has occurred (values are less than I 0 mm) and the absence of 
other forms of deformation or of cracking in any of the sections. 

• The effect of initially drying the nodular calcrete base 
(Section 8) before surfacing was largely negated by the 6-month 
delay that occurred after construction of the base and the 
application of the surfacing. No subsequent difference in the 
performance between Section 8 and Section 7 has emerged. 

• The powder calcrete section (Section 2), which was 
compacted dry of the laboratory-determined optimum. has 
performed well and similar to Section I, which was compacted 
at a higher moisture content. 

• The mechanical stabilization of the nodular calcrete with 
an equal amount of Kalahari sand has not been successful and 
rut depths greater than 20 mm have been measured in the more 
heavily loaded traffic direction. 

• Both the cement- and lime-stabilized plastic calcified 
sand sections have not shown any gain in strength as a result of 
the introduction of the stabilizers. Substantial rutting has 
occurred in both sections, although it was worse (>20 mm) in 
the section mixed with lime. The net effect of the addition of the 
stabilizers was to bring about a decrease in the plasticity index 
of the materials and the aggregation of the silt and clay particles 
(see Table 3 and Figure 5). 

All available evidence suggests that the primary mode of 
failure in the development of rutting in both the mechanically 
and chemically stabilized bases can be attributed to instability 
in the base layer. A number of possible explanations for this 
exist, including low bearing capacity, densification, and low 
internal friction in the base material. The first explanation does 
not provide the complete answer because lower in situ CBR 
values of between 20 and 30 percent were measured in the 
plastic, calcified sand base (Section 3) without any significant 
deformation occurring (see Figures 9a and I Sa). Deflection 
measurements have also not proven suitable to differentiate 
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FIGURE 15a Rut depth histories for Sections 1 to 6 in the verge-side wheelpath towards 
Jwaneng. 

between the condition of the bases . This is illustrated by 
comparing the deflection histories of the unfailed plastic, 
calcified sand base and the failed sand / calcrete base shown in 
Figures 16a and I 6b, in which lower deflections in Section 6 
were not supported by low deformation measurements. The 
symbols in the figures represent the classification of transverse 
deformation, as described in Figure 17. It is also unlikely that 
any substantial densification of the bases took place, because 
the initial constructed densities were high (95 to 98 percent 
relative compaction) in comparison with lower densities achieved 
in other sections (see Table 8). 

The most likely explanation is that the low internal friction in 
the materials led to movement in the base, which led to rut 
formation. This probably resulted from the large single-sized 
sand component in the materials (see Figure 5), the excessive 
gap in the grading of the sand/calcrete mix (see Figure 4), the 

lower amount of silt and clay particles , and the lower plasticity 
(see Table 3) . The net effect of this is that the bases were 
susceptible to traffic-induced vibration and transverse shearing 
forces that led to the displacement of the material. The greater 
resilience and cohesion of the untreated plastic calcified sand, 
and the more stable grading in the sand fraction with a 
corresponding higher silt and clay content of both this material 
and the powder calcrete, differentiate these materials from 
those of the failed sections. The properties of the soil fines that 
could best express stability in these materials are the ratio of the 
percentage passing the 425-µm sieve and that passing the 63-µm 
sieve, and the product of the linear shrinkage (or plasticity 
index) and the percentage passing the 63-µm sieve. The values 
for the materials used in Sections 1to6 are given in Table 14. 
The sieve sizes chosen represent standard sizes that are com
monly used in the determination of the particle size distribution 
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TABLE 12 TRAFFIC AND AXLE LOAD DATA 

Cumuli! ':.i ve 
Vehicles >5 t'Jnncs un l.J. dcn 

vehicle 
Av0ragc 

Do.te ADT pas:.es % 
in ho t h of t o t a l To 

direc':ions r:r.:iffi c 
Jv.•anf!ng 

Nov. 1979 180 0 40 -
June 1980 205 43694 40 3.5 

Feb. 1981 276 93000 22 2.3 

Feb. 1982 250 194020 25 1.8 

Oct. 1982 260 253327 20 2:0 

May 1983 225 307707 22 1.6 

Dec. 1983 260 358737 20 0.75a 

Jan. 1985 260 454722 16 2.34 

Note: Estimated cumulative ESA to mid-1986 • 160,000. 
3 A typical survey. 

F.SA 

To 
Kar.ye 

-
0.91 

0.23 

0.59 

0.36 

0.23 

0.123 

0.53 

.;eight 

Cumul.:itiv~ E5A 

To To 
Jw!lne ng K;:inyc 

0 0 

30586 7952 

52749 12308 

77082 17174 

89759 20019 

100526 21703 

116081 23739 

133099 27021 
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FIGURE 16b Deflection history and trend line for Section 7. 

Transverse deformation under 
a 2m long straightedge 

Less than 1 Omm 

10mm to 14mm 

15mm to 19mm 

20mm to 25mm 

Greater than 25mm 

of a soil sample by wet sieve analysis methods, thus avoiding the 
need for hydrometer analysis (6). The use of an alternative 
expression such as the coefficient of uniformity would, in the 
case of the calcrete materials, require hydrometer analysis. 

In the case of the more coarsely graded materials, their 
stability is achieved through the mechanical interlock of the 
coarser particles present and the range of sizes in the grading, 
which follows the accepted Fuller-Talbot principles. 

The reasons for the lack of strength gain following cement
and lime-stabilization are not clearly known. A lengthy mixing 
time and inefficient curing were undoubtedly contributory 
factors. The rate at which carbonation ofthe lime component of 
the chemically stabilized materials occurred may also have had 
an influence, although this was only first tested and detected 
after 2 years, by which time any hardening and flocculation 
should have taken place. Further research and laboratory 
investigations are necessary before any firm conclusions can be 
drawn. 

FIGURE 17 Symb.ols used to record transverse deformation (rutting) 
in deflection history charts. 

Tests performed thus far on the sand/ calcrete base in 
Section 6 have not explained the deformation that has occurred. 
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TABLE 14 PROPERTIES OF THE SOIL FINES OF THE CALCRETE BASES IN SECTIONS l TO 6 

Percentage Percenlage Percentage 
Passing Passing 

Materials Description Secti on 425 µm 63 µm Percentage 

Powd er calcrele I and 2 52-66 12-35 1.8-4 .3 
Plas1ic ca lcified sand .l 75-86 25-37 2 3-3 3 
Plastic calcified sand and 4 74-81 12-18 4 3-6 .6 

lime 
Plastic calcified sand and 76-82 11-24 33-6 9 

cement 
Nodular cttlcrete and sa nd 6 56-69 14-22 3 1-4.6 

It is possible that inefficient mixing, either vertically or 
throughout the whole section, and a higher proportion of sand 
than calcn~te compared to the intended ; . 1 i-atio coulJ bt: 

responsible for the poor performance. 

Calcretes As Unsurfaced Shoulder Materials 

The results of the experiment have shown the following: 

• The plastic calcified sand proved to be unsuitable as a 
shoulder material and required replacement within 2 years after 
completion of construction. 

• The other three untreated calcretes, which included the 
hardpan, nodular, and powder calcretes, and the sand / calcrete 
mix have performed satisfactorily. However, in Section 2, 
which was compacted drier than the laboratory optimum, up to 
50 mm of material was lost within 6 years. 

The better performance of the powder calcrete indicates that 
a slightly better grading than that of the plastic, calcified sand 
and a higher calcium carbonate content are necessary require
ments for poorly graded shoulder materials. No distress 
occurred on the shoulders of the control sections. 

Performance of the Sand Side Slopes 

Erosion, in the form of gullying, occurred in the side slopes of 
the sand embankment and led to the reduction of the slope 
angle from the original gradient of I in 4 to that of I in 6 or less. 
No subsequent erosion has occurred since this operation. 

Condition of the Bituminous Surfacings 

A substantial loss of the top stone layer occurred on a number 
of sections progress ively over a period of 5 years . The loss was 
greatest on the coa rsely graded nodular and hardpan calcrete 
sections (Sections 7 to 9). Loss also occurred on other sections, 
particularly Sections 3 and 4. Resealing of these sections was 
performed in 1984 using a single bitumen application with a 
I 0-mm covering aggregate a pplied to the Jwaneng-bound lane 
of Sections 6 to 9 and a graded crusher waste(< I 0 mm) on the 
other lanes and sections. The resealing was performed to stop 
the loss of stone and prevent damage to the road bases. 

The greater loss of stone on Sections 7 to 9 is attributed to the 
lack of sufficient bituminous hinder. Both the hardness of the 
hasc, into which little stone embedment occurred, and the 

Passing 425 µm LS LS 
x x 

Passing 63 µm LS ( ~f) Pl Percentage Passing Percentage Passing 
425 µm 63 µm 

2-4 5 8-10 120-290 30-150 
5.7-5.8 13- 15 427-500 145-210 
2, 1-4, I 8- 11 163-324 38-53 

2 5-3.6 4-6 190-28R 27-86 

2. 1-6.6 8-14 130-455 29-99 

possible increased absorption of prime and binder into their 
more open-textured surfaces are the likely sources of the 
- - - L 1 -- --
}Jl UUl(;Jll. 

RECOMMENDED SPECIFICATIONS FOR LIGHTLY 
TRAFFICKED CALCRETE BASES AND SHOULDER 
MATERIALS 

Road Bases 

The results of the experiment have shown that a wider range of 
calcretes can be recommended for use in lightly trafficked roads 
than those specified previously (see Table I) . This applies to the 
cumulative traffic loading of 160,000 ESA that the experiment 
has carried so far and enables a revision to be made to the 
specifications that were introduced in Botswana at an earlier 
stage of the experiment when the traffic loading had reached 
100,000 ESA (12). The revised specification, which is shown in 
Table 15, is based on a more critical examination of the 
calcified sands , powder calcretes, and gap-graded materials 
described in this paper. In particular, the importance of the 
distribution of sizes in the soil fines is highlighted. A minimum 
calcium carbonate content is also recommended, which may 
help to further classify calcretes, although the role of calcium 
carbonate in the performance of calcrete as a road-building 
material is not fully understood. There was no evidence from 
the experiment that it promoted self-stabilization, which has 
been suggested elsewhere(/). 

Recommended CBR values are given for the selection of 
calcretes, which refer to laboratory tests performed on soaked 
samples. The minimum value given was that obtained for the 
calcified sample (Sample BG 7) . The diffe rences between 
laboratory test results and the values determined in situ in the 
full-scale experiment are a cause for concern, but a CBR 
criterion is included because it is the most commonly used soil 
strength test for road-making materials. 

Of further concern is the problem of achieving high levels of 
compaction for some calcretes, as shown by the results obtained 
for the powder calcrete sample BG 6. Because this behavior is 
not fully understood, it is recommended that normal compaction 
requirements should continue to be specified and that field 
compaction trials should also be conducted to determine 
whether the problem exists. 

Finally, by comparing the recommendations given in Tables l 
and 15, the calcrete requirements for a range of traffic 
categories can be obtained. Calc.retes that satisfy the specifica
tions of TR R L Road Note 31, provided that the criteria for 
aggregate hardness and soluble salts are also met, should be 
suitable for traffic levels up to 2.5 X 106 ESA. As described 
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TABLE 15 REVISED GUIDELINE SPECIFICATIONS FOR LIGHTLY TRAFFICKED CALCRETE BASES 

Percentage passing Uw 42S µm :-> i C'''' ~a 
Test 

10-50 50-65 c~'-)-n...-) 

Maximum particle size (mm) 7~)-10 ·;~)-lO 'l'.>-lCJ 

% paso; i ng 63 µm sieve 5-25 l ~1-J :) :)()-J'.) 

Maximum r;:itio of % passing 425 µm and 63 pm Not specified 3.5 3. ~-, 

Linear shrinkage (%) <10 <6 <G 

Plasticity index <25 <15 < 15 

Maximum LS x % p<1ssing 425 µm 600 500 '.)C·O 

LS x % passing GJ pm Nol spcc.i ficd 30-150 120-? llJ 

Minimum tl-dny ,;onked CBR at field density (%) £10 ao I]() 

Minimum calcium carbonate content (%) of the 
12 12 12 

material passing 1125 11m 

Note: Up to a design traffic level of 160,000 ESA. 
aAfter compaction using wet sieve analysis methods. 

earlier, limits are given for the permissible range of calcretes 
that can be used for low traffic categories (160,000 ESA). 
Between these extremes, in four other traffic bands, are the 
calcrete requirements recommended in NITRR Bulletin 10 (/) . 
Assuming an axle load factor of 1.0 per commercial vehicle 
greater than 3 tons, which is given in T R H 14, these bands a re 
equivalent to < 0.25 X 106 ESA, 0.25 - 0.S X 106 ESA, 0.5 -
1.0 X 106 ESA, and 1.0 - 2.0 X 106 ESA (13). It can therefore 
be seen from the two tables that there is a requirement of 
increasing quality of calcrete to meet increasing traffic loading 
categories. This is important when it is considered that the 
combined information drawn from three separate and rn
dependent sources of research fit s into a smooth trend . 

Shoulder Materials 

As a result of the unsatisfactory performance of the plastic, 
calcified sand as an unsurfaced shoulder material, separate 

guidelines for material selection are required . These are con
tained in Ta ble I 6 and include restrictions on the maximum 
allowable amount of material passing the 425-µm sieve and a 
minimum calcium carbonate content. The guidelines in Table 15 
should be ad opted in cases in which shoulders are to receive a 
protective bituminous sea l. 
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TABLE 16 GUIDELINE SPECIFICATIONS FOR UNSURFACED CALCRETE 
SHOULDER MATERIALS IN LIGHTLY TRAFFICKED ROADS 

Test 

Maximum ratio of % po~sinil 425 µm and 63 µm 

Linear shrinkage (%) 

Plasticity index 

Maximum LS x % passing £125 µm 

LS x % passing 63 µm 

Mir.i"''"'' ll-day soaked CBR at fiE'ld density (%) 

Minimum ca lcium carbonate content (%) of the 
material passing ~25 µm 

aAfter compaction using wet sieve analysis methods. 

Pcr·..:cn! . .J.~:~ p.:ls~i;1g th·~~ 

L1'.?S µm sicvca 

10-50 

75-10 

5-25 

Not specified 

<10 

<25 

600 

Not specified 

50 

25 

50-G5 

75-10 

15-35 

3.5 

<6 

<15 

500 

30-150 

50 

25 
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An Aggregate Thickness Design That Is 
Based on Field and Laboratory Data 
BERNARD 0. ALKIRE 

A summary is provided of the results of a research p'rogram 
sponsored by the Federal Highway Administration entitled 
"Design and Operation of Aggregate-Surfaced Roads." Major 
emphasis is devoted to correlating field and laboratory data and 
developing the Clegg Impact device as an alternative method 
for determining in-place density and strength evaluation. 
Twelve sites in Michigan, Iowa, Texas, Oregon, North Dakota, 
Montana, West Virginia, and South Carolina were selected for 
tests. The determination of sites included a variety of climatic 
and subgrade conditions to allow these factors to be included in 
the analysis. Field data collected at each field site included 
roadway dimensions, thickness of the aggregate surface, Clegg 
Impact Values, in-place density, and moisture content. Bag 
samples of subgrade and surface aggregate were collected for 
laboratory tests that included classification tests, gradation, 
durability, abrasion tests, Clegg Impact Value, and California 
Bearing Ratio (CBR). Results from laboratory and field tests 

Michigan Technological University, Houghton, Michigan 49931. 

were analyzed to develop relationships between the various test 
parameters. A regression analysis of laboratory results showed 
good agreement between Clegg Impact Value and CBR. The 
relationship that was developed compared with the results given 
by Clegg in his work. Statistical relationships that related 
surface and subgrade conditions in the field to Clegg Impact 
Value and field moisture content were also obtained and were 
related to the equation for aggregate thickness design. A 
discussion that relates the results to the design of low-volume, 
aggregate-surfaced roads is included. 

Millions of miles of roads in the United States are aggregate 
surfaced. In most cases they have relatively low traffic levels and 
depend on inexpensive design, construction, and maintenance. 
Maximum use of local materials and empirical procedures that 
are based on experience are required to minimize cost. 

The results discussed in this paper were collected as part of a 
project to develop a design procedure for aggregate-surfaced 
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roads that includes a consideration of traffic and climate. In 
developing the design procedure, information on the state of the 
practice in the design and operation of aggregate-surfaced 
roads was collected. This involved field visits to 12 locations 
around the continental United States. The locations that were 
selected covered a variety of conditions and were chosen to 
establish a data base on aggregate-surfaced roads that considered 
climati;:, surface mixtures, thickness, and maintenance. Part of 
this project involved the collection of field data related to road 
conditions, dimensions, and materials. This required field tests 
at the site as well as laboratory tests on samples taken at the field 
site. 

The information collected during the field visit was used to 
develop a simple design procedure for aggregate-surfaced 
roads. The design procedure is related to results from the field 
and laboratory tests on the aggregates. 

TESTS 

Sites within the continental United States were selected to 
obtain field data relative to existing practices in the design and 
operation of aggregate-surfaced roads. At each site, the project 
personnel talked with a local contact, who was usually a county 
engineer, but in several areas the contacts were state highway 
engineers or National Forest Service engineers. The contacts at 
each site provided basic information about the area and general 
engineering practices related to aggregate-surfaced roads. The 
first field visits were made in the summer of 1984. Follow-up 
visits to most of the sites were made in the spring of 1985:' 

1-B ---r--..1w 

11-C ---1Hi:t 

1-8 ---......_--

11-B 

11-C 

Legend 
I-A, Wei-Freeze 
1-B, Wei-Freeze-Thaw 
1-C, Wei-No Freeze 

II-A, lnlermedlale-Freeze 
11-B, lnlermedlale-Freeze-Thew 
11-C, lntermedlale-No Freeze 

111-A, Dry-Freeze 
111-B, Dry-Freeze-Thaw 
111-C, Ory-No Freeze 

FIGURE 1 Climatic zones and field test sites. 
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Test sites were selected to provide at least one site in each of 
the climatic zones defined in the paper by Carpenter et al. (1). 
This scheme uses the concept of potential evapotranspiration 
and divides the country into zones in which similar pavements 
receive similar climatic input. The zones are shown in Figure 1. 
In this figure the Roman numerals indicate moisture regions 
(I = subgrade soil saturated all year, II = seasonal wet-dry 
periods in subgrade soil, and Ill = dry subgrade soil). The 
capital letter refers to temperature regimes (A = severe winter; 
B = moderate winter, freeze-thaw; and C = mild winter). 

Field Tests 

The field test locations were selected from typical aggregate
surfaced roads at each test site. Certain field data were collected 
at each test location and included the following: 

• Thickness of the aggregate surface; 
• Surface aggregate Clegg Impact Value at centerline, 

wheel path, and edge of aggregate surface; 
• Surface aggregate density and moisture content at the 

wheel path; 
• Subgrade density and moisture content at the wheel path; 

and 
• Subgrade Clegg Impact Value at the wheel path location. 

The test procedure that was used to take the Clegg Impact 
Value is described elsewhere, but basically involved taking the 
fourth blow value from the meter attached to the device (2, 3). 

e Test Sites 
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Thein-place density was determined by using SAE l 0-40 motor 
oil to measure the volume of the excavated hole. Moisture was 
determined from sealed bag samples that were taken at the test 
site and sent back to the laboratory. Subgrade moisture, 
density, and Clegg Impact Values were taken by digging 
through the surface aggregate to the top of the subgrade and 
conducting the tests at that depth. The results from the field 
tests are summarized in Table l. A list is provided in this table 

TABLE I SUMMARY OF FIELD TEST RESULTS 

County, State 
(Climatic Zone) 

Wapello, IA 

(IA) 

Shelby, IA 

( IIA) 

Kanawha, WV 

(I IB) 

Lexington, SC 

(IC) 

Coll in, TX 

(I IB) 

Smith, TX 

( l!C) 

Custer NF, NJ 

(I II I\) 

Test 

D 

D 

E 

E 

J 

J 

L 

L 

Q 

Q 

BB 

BB 

DD 

DD 

SS 

SS 

vv 

vv 

5 

5-C 

8 

8 

20 

20 

11 

11 

13 

13 

14 

Timea 
of Yr. 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SU 

SP 

SIJ 

SP 

Subgrade Soi 1 

Water 
Content 

(%) 

21 

21 

6 

13 

15 

17 

19 

17 

21 

17 

17 

16 

18 

14 

15 

19 

20 

9 

I8 

6 

21 

4 

5 

17 

11 

9 

8 

16 

)(j 

10 

Ory 
Density 

(ncf) 

NA 

103 

NA 

139 

NA 

104 

NA 

92 

NA 

NA 

NA 

97 

NA 

101 

NA 

104 

NA 

99 

NA 

105 

130 

121 

132 

134 

71 

108 

128 

98 

93 

Pl 

107 
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of the time of the visit, the location of each test, and field test 
values for the subgrade and surface soil. It can be seen that there 
is a wide variation in test values but the sub grade water content 
is higher and the Clegg Impact Value is lower than for the 
surface. In addition, the surface water content is usually below 
10 percent and the subgrade value is above 10 percent. Surface 
aggregate depth varies from less than 1 in (25 mm) to over 12 in 
(305 mm). 

egg 
Impact 
Value 

10 

27 

26 

25 

27 

28 

14 

28 

27 

44 

19 

10 

18 

11 

13 

8 

10 

11 

19 

7 

38 

21 

36 

34 

11 

31 

30 

18 

1? 

17 

?4 

Water 
Content 

(%) 

3 

10 

2 

3 

4 

4 

8 

6 

4 

4 

18 

6 

10 

9 

14 

6 

8 

2 

4 

2 

. 7 

2 

2 

4 

14 

12 

g 

11 

Surface Aggregate 

Dry 
Density 

( nr:fl 

NA 

104 

NA 

136 

NA 

127 

112 

110 

146 

NA 

121 

94 

90 

110 

124 

108 

138 

113 

133 

110 

134 

113 

126 

145 

110 

112 

128 

108 

120 

l?R 

85 

104 

C egg 
Impact 
Value 

44 

59 

54 

56 

43 

F 

39 

F 

18 

F 

23 

8 

27 

34 

14 

8 

36 

68 

47 

43 

87 

42 

54 

50 

24 

33 

27 

21 

75 

49 

35 

24 

Aggregate 
Thickness 

I in. l 

3.5 

4.0 

2.0 

2.0 

2.0 

1.0 

4.0 

4.0 

1.3 

1.0 

3.0 

1.0 

2.5 

NA 

0.5 

1.0 

5.25 

2.50 

5.0 

6.0 

8.0 

5.0 

2.0 

2.0 

7.0 

7.0 

8.0 

8.0 

6.0 

5 .0 

3.0 

2. () 



Laboratory Tests 

Bag samples of the surface aggregate and subgrade soil were 
collected at each test site for laboratory analysis. The soil from 
each site was tested to determine the grain size, liquid and 
plastic limit, optimum water content, maximum dry unit weight 
(ASTM DI557) , a nd Clegg Impact Value at the maximum dry 
unit weight. The data from these tests are summarized in 
Table 2 for the surface aggregates and Table 3 for the 
subgrade soils. It can be seen from these data that the surface 
aggregates are generally classified as gravels or sands with 
optimum water content below 10 percent. Maximum dry unit 
weights are in the 130 to 140 pcf (20.4 to 22.0 kN / m3) range and 
Clegg Impact Values are in the 40 to 50 range. The subgrade 
soils have a wid e r range of classifications, generally higher 
optimum water content, and lower maximum dry densities at 
optimum. 

A good part of the laboratory testing was done to develop the 
relationship between the CBR and the Clegg Impact Value. The 
results of the laboratory CBR tests on nonsoaked subgrade soils 
are presented in Table 4. Each of the 21 subgrade soils was 
tested for three different moisture contents. The Clegg Impact 
Value is the average of the fourth readings obtained from the 
top and bottom of the molded sa mple. 

STA TIS TI CAL RELATIONSHIPS 

A simple linear regression analysis of the field data was 
performed in an attempt to develop functional relationships 
between test parameters . Of particular interest are the relation
ships of Clegg Impact Value versus moisture content and CBR 
versus Clegg Impact Value. 

Clegg Impact Tests and Field Moisture Content 

Several com bi nations of factors were used in the analysis of the 
data to isolate the effect of soil type and time of test. First, all 
soils and field test times were analyzed as one group. Then, 
various soil groups were considered separately and, finally. the 
data for a given soil group were analyzed by subdividing them 
into results from field tests in the summer of 1984 and spring of 
1985. In this way, it was possible to determine the relationship 
for all soils and compare it to the relationship for a particular 
soil at a particular time . 

The relationships between subgrade soil field water content 
and measured field Clegg Impact Value are given in Table 5. lt 
can be seen that all fine-grained soils and sands have a negative 
,relationship between Clegg Impact Value and the water per-
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TABLE 2 SUMMARY OF SURFACE AGGREGATE TEST RESULTS FROM LABORATORY TESTS 

IJS S 
Sub()rade Optimum "aximum Clegg 

County, State Soil Passing Plastic Liquid Water "1odified lmoact 
(Climatic Zone) Test Class F.200 L i111i t Limit Cont<>nt Dry Densitv Value 

u (z;) (/;.) ( j ( cf 

Wapello, IP. D r,~1-GC :6 14 12 5.4 142 38 

(IA) E GM-GC 13 13 l'i 

J SM l6 NP 17 

L GM-GC ?7 l~ ~? 7. 1 130 61 

f) SM-SC ?l 11 17 S.6 14[) 1\7 

S~elby, IA qq SC ~fl l 'i 30 

(I IA) SC S"-Sf. 11 ~6 

SS GP 9 17 ~l i.0 135 3'1 

vv S'-1-SC ?0 17 ~{ 6.9 135 4'.' 

Kanawha, w SM-SC 2'? IB 'J') Ii .Q 140 3rc 
" 

(IR) R GM 15 ~ID 15 5.B 144 4,, 

Lexington, SC 20 SP-SM g ~F 8 fi. 3 136 45 

(IC) 

Coll in, TX GC ;>fl 13 29 l?. 1l llH 45 

(I IR) 

Smith, TX 11 SC 25 NP ~L 13. 1 134 43 

( JIC) 

Custer .NF, ND 13 S"l-SC 35 19 ?4 10.9 130 39 

(!!IA) 14 SM ?l NP NL 25.6 95 41 

Taylor, TX 5 S"l-SC 27 !<l 14 6.7 13? 54 

(I I IB) 11 SC ~7 16 25 I. l 134 39 

Lolo NF, MT 38 GM 14 24 32 3.8 139 48 

(I IB) 208 GP 12 NP 20 5.0 145 40 

Petty GM 16 ~p 20 6.7 136 40 

Klamath, OR 2 SW 10 20 27 9.2 131 35 

(I I IC) 10 SM 14 NP ?4 8.2 145 37 

18 SP-SM 10 NP NL 14.4 115 40 

NOTE: NP no plastic limit, NL =no liauid limit 

centage. This is expected because the Clegg Impact Value is a 
measure of sub grade strength, and soils tend to lose strength as 
water content increases. It can also be seen that higher Clegg 
Impact Values and the highest correlation coefficients are 
associated with the sandy soils and the summer readings. 

It appears that the gravelly soils do not behave in the same 
manner as the others. This could be the result of innate 
differences in the material or could be related to the limited 
amount of data on this soils classification. In addition, it was 
not possible to determine the effect of time on the gravelly soil 
because the spring 1985 data were collected by a field team that 
did not have a Clegg Impact device. 

The influence of climatic zone on the Clegg Impact Value is, 

shown in Table 6. Inspection of this tahle reveals several 
factors of interest. It can be seen that the poorest correlation 
coefficients are associated with soils in the cold-wet zones. For 
example all areas in Zone I (severe winter) have a correlation 
coefficient of 0.35 compared to 0.74 for the areas in Zone III 
(moderate winter). Likewise, the areas in Zone A (wet) ·have a 
coefficient of 0. 15 whereas the areas in Zone C (dry) have a 
value of 0.88. This illustrates the more consi tent ubgrade 
conditions found in the warm, dry climates . It also can be seen 
that the subgrade Clegg Impact Values are higher in the warm, 
dry climates. By inference, it could be predicted that warm, dry 
climates should have better roads with fewer pmblems related 
to subgrade strength. 
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TABLE 3 SUMMARY OF SUBGRADE TEST RESULTS FROM LABORATORY TESTS 

uses 
Sub~ra1e Optimum Maximum Clegg 

County, State Soil Passing Plastic Liquid Water Modified Impact 
(Climatic Zone) Test Class #200 Limit Limit Content Dry Density Value 

( ~-) ( ~ ) (%) (/;) (%) 

Wapello, JA D CL 79 22 44 NA 

(IA) GC 19 17 26 

.J SM 36 26 32 

L CL 78 '>? , __ 38 11. 7 113 39 

Q "1L 82 27 38 14. 9 110 37 

Shelby, IA RR CL 96 ?3 36 

(!IA) l)D CL 90 23 40 

SS SC 40 18 40 10.4 ll? 36 

vv CL 93 25 45 13.0 112 39 

Kanawha, WV 5 ML 57 23 30 11.0 127 27 

(18) 8 SM-SC 22 13 19 6.4 130 36 

Lexington, SC 20 SM 32 NP 15 9.2 128 37 

(IC) 

Coll in, TX CL 60 ;>Z 44 17 109 36 

(I IR) 

Smith, TX 11 SM 25 NP NL 10.4 125 30 

(I IC) 

Custer NF, ND 13 CL 54 19 34 10.4 115 35 

(I I IA) 14 ML 71 NP ?.4 13.0 118 23 

Taylor, TX 5 CL 77 19 29 11.1 121 40 

(I I IB) 11 SC 38 22 34 9. 9 124 27 

Lolo NF, MT 38 G"1-GC 25 19 25 6.7 133 44 

(I IR) 208 GM 21 23 25 6. 5 128 34 

Petty GM ?.O NP 30 6. 9 132 39 

Klamath, OR ? SM 19 2 39 17 107 32 ' 
(I I IC) 10 ML NA NA NA 16 107 33 

18 SW-SM 10 NP NL 3D 75 35 

NOTE: 'IP no plastic limit, NL = no liquid limit, NA = not available 

California Bearing Ratio and Clegg Impact Value 

The 62 data points that represent the CBR and Clegg Impact 
Values obtained from laboratory tests (Table 4) were also 
analyzed by use of regression equations. The results from this 
analysis are tabulated as follows : 

Equation 
Number 

I 
2 

Equation 

logCBR = -0.649 + 1.671 ogC/V 
CBR = 3.35 + 0.0803CIV2 

Correlation 
Coefficient 

0.94 
0.88 

Based on the correlation coefficient va lues, the best fit is the 
foll owing log-log equation: 

logCBR = -0.649 + l.671ogC/V (1) 

or its equivalent 

CBR = 0.2244C/Vl.67 (2) 

which is comparable to the equation proposed by Clegg (2) 

CBR = 0.07CJV2 (3) 



TABLE 4 NONSOAKED CALIFORNIA BEARING RATIO LABORATORY TEST 
RESULTS FOR SLIBGRADE SOILS 

Moisture Dry California Clegg 

County, State Test Content Density Bearing Impact 

( %) (pcf) Ratio Value 

Klamath, OR 2 11.1 103.0 103 38 

18.4 102.6 3 

18.8 102.0 2 

10 15.6 105.4 142 36 

17.7 105.3 26 18 

20.7 100.D 3 6 

18 23.1 78.9 88 27 

24.5 79.8 36 18 

28.0 77 .6 8 11 

29.8 77 .3 2 

34.0 72.4 

Lo lo NFa, MT 38 3.8 126.1 113 25 

8.0 129.7 41 22 

10.0 125.7 3 8 

208 2. 1 122.9 144 28 

5.6 125.6 129 32 

9.5 122.2 11 10 

Petty 3.2 122.8 74 27 

4.5 127.5 84 30 

8.8 128.7 7 13 

9.4 127.2 3 8 

9.7 126.8 3 

Custer NFa, ND 13 7.6 109.1 58 28 

9.8 113.8 36 23 

22.9 97.6 3 4 

14 10.0 114.2 34 23 

12.8 112.2 11 12 

16.8 107.3 2 

Collin, TX 7.2 101. 4 38 NA 

17. 104.4 29 NA 

22.2 100.8 10 NA 

Fannin, TX 9 7.9 115.6 88 36 

11.3 118.0 26 20 

15.5 109.6 2 4 

Smith, TX 11 7.9 115.2 66 28 

11.3 121.6 17 12 

14.0 115. 9 3 4 



TABLE 4 continued 

Moisture Dry California Clegg 

County, State Test Content Density Bearing Impact 

( 'I: ) ( pcf) Ratio Value 

Smith, TX 11 4.7 107.6 17 13 

11.1 109.6 2 10 

14 .1 102.2 2 

Taylor, TX 5 8.3 116. 7 78 34 

11. 2 121.4 45 27 

15.5 114.8 5 

11 7.0 120.3 71 36 

10.4 121. 7 25 NA 

13.5 116. 1 3 5 

Kanawha, :VV 5 5.7 116 .6 66 N~. 

10. 1 120.2 41 NA 

14. 3 118. 6 NA 

8 6.9 125.6 96 NA 

8. 4 129.0 38 23 

11. 1 122.2 3 

Lexington, SC 14 6.4 111. 6 81 33 

13. 1 116.0 20 14 

17.6 109.5 2 3 

17 3.1? 116. 1 27 13 

7.5 119 .6 28 12 

7 .8 118.4 20 11 

12.7 115 .6 3 4 

20 3.7 113.7 33 15 

9.4 104.8 48 22 

14 .3 90.5 2 

Houghton, ~I Massie 3.4 132. 4 78 36 

6.5 142.7 107 34 

7.3 141. 9 91 ?8 

9.;' 138.2 12 12 

Mass it: 5.6 114. 7 37 '!C LO 

7 .0 119. 9 56 27 

9,5 124.4 63 34 

l?.4 115.2 6 11 

a NF = Nation2l Forest 

NOTE: NA = not availablr 



TABLES FIELD CL EG G IMPACT VALUES FOR SUBGRADE SOILS AS A 
FUNCTION OF WATER CONTENT, SOIL TYPE, AND SEASON 

Soi 1 Regression Correlation Number of 

Classification Time Equation Coefficient Data Points 

A 11 All CIV 34.7 - l. 04 w 0.61 43 

CL A 11 CIV 28.~ - 0.68 w 0.32 15 

SU CIV 38.1 1.40 w 0.78 8 

SP CIV 23.1 0.26 w 0.13 8 

SM, SC A 11 CIV 38. 8 - 1. 31 w 0. 70 17 

SM-SC 

SU CIV 43.4 1.61 w 0.86 8 

SP crv 32.G 0.81 w 0.4~ 

:>ll All CIV 21.8 - 0. 40 w 0.27 6 

GM-GC 

GM, GC A 11 CIV Z.5 + 4.6 w 0. 75 8 

NOTE: SU Su1nmer 1984 

SP Spring 1985 

CIV Clegg Impact Value 

w = m0isture.content in percent 

TABLE 6 FIELD CLEGG IMl'ACT VALUE FOR SUBGRADE SOILS AS A 
n :NCTION 01' WAH:R CONTENT AND CLIMATIC ZONE 

Climatic Regression Correlation Number of 

Zone Equation Coefficient Data P0ints 

IA crv 24.7 5.00 w 0.0 10 

I IA CIV 14.6 0.10 w 0.26 8 

I I TA CIV 36.3 1.42 w 0.G8 4 

IB CIV = 37. 3 - 1.18 w 0.66 4 

I IR CTV = 38.40 - 1.06 w 0.31 

I I 1 g CIV = ?5 .16 - 0.16 w 0.0 

IC INSUFFICIENT OATA 

I IC INSUFFICIENT DATA ? 

! I IC CTV 29.8 .7fi w 0.86 

.~ 11 cTv 32. 1 0.52 w 0.35 16 

A 11 IT CIV 39.3 1.49 w 0.61 15 

All JI I CIV = 31.0 - 0.82 w 0. 74 13 

All A CIV 23.6 - 0.29 w 0.15 22 

A 11 CTV 39.00 - 1.22 w 0.49 13 

All c CIV = 36.00 - 1.05 w 0.88 9 

C!V = Clegg Impact Value 

w = moisture content in p~rcent 
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All three equations and the data points from Table 4 are 
plotted on Figure 2. It can be seen that all equations can be 
used to approximate the laboratory test results. However, 
Equation 3 is suggested because it is easy to use and is familiar 
to many engineers. 

The results from the regression analysis on the laboratory test 
samples show that several relationships between CBR and 
Clegg Impact Value are possible. In the next section a method 
of determining aggregate thickness is developed that uses the 
relationships that were developed in this section. 
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CLEGG IMPACT VALUE 
F IG UR E 2 Unsoaked California Bearing Ratio versus Clegg Impact 
Value regression relationships. 

AGGREGATE THICKNESS DESIGN 

It is possible to estimate layer thickness for an aggregate
surfaced road based on experience to achieve a simple design. 
Interviews with county engineers suggest that this is the 
technique that is being used by many local governmental 
agencies. Unfortunately, it is impossible to incorporate this type 
of information into a systematic design because of the infinite 
number of possibilities that exist. A simple model will be 
proposed instead and it will be used to calculate aggregate 
thickness for general situations. The results can then be used to 
verify existing designs or they can be used for new designs when 
tempered with the experience of the local engineer. 

A model that has been used for aggregate roads that 
incorporates the main factors that affect thickness is the U.S. 
Army Corps of Engineers model (4) . The equation for this 
model is as follows: 

t =f[(P / 8. l*CBR) - (A / rr )]1 / 2 

where 

aggregate thickness (in), 
single wheel load (lb), 
tire contact area (in2), 
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(4) 

I = 
p = 
A = 
f = 
CBR= 

factor to account for traffic and rut depth, and 
California Bearing Ratio of the subgrade soil at the 
critical moisture content. 

The f factor is determined empirically; for a 3-in (76-mm) rut 
depth failure criterion, Equation 4 becomes: 

I= (.176 logW 18 + .120)(1111.1/CBR-35.82) 112 (5) 

when 

W18 = the number of 18-kip (8100-kg) equivalent single-axle 
load applications to failure, 

P = 9000 lb (4050 kg), and 
A = tire contact area = 112.5 in 2 (730 cm 2) . 

This equation for thickness directly accounts for traffic and 
subgrade strength. 

Inspection of Equation 5 suggests some simplification is 
necessary. The first term in parentheses determines the effect of 
the number of load repetitions on thickness. The value of this 
term is I for .100,000 load applications and is only 40 percent 
greater for 10 million load applications. On the other hand, 
when the CBR is reduced from 10 to 3, the thickness is 
doubled. Therefore, it appears that the main area of in"terest 
should be in adequately describing the subgrade soils. In that 
case it is possible to simplify Equation 5 to the following: 

t = [750 / CBR] 112 (6) 

This equation compares favorably with Equation 5 and is 
much easier to use. The relationship between Equations 5 
and 6 is shown in Figure 3. It can be seen that at low CBRs, 
Equation 6 falls between the values from Equation 5 for 
15,000 and 90,000 equivalent axle loads. At CBRs greater 
than 10, Equation 6 is more conservative by a small amount, 
and at a CBR of 100 the required thickness calculated using 
Equation 6 would be 3 in (75 mm) . 

In order to make thickness a function of Clegg Impact Value, 
Equations l, 2, or 3 can be substituted into Equation 6. If 
Equation 3 is assumed to be correct, by substituting and 
rounding, Equation 6 becomes the following: 

I = 100/ CIV (7) 

It is also possible to use the regression equations that relate 
Clegg Impact Value to subgrade soil types and in situ moisture 
(w, in percent) to develop simple relationships to determine 
aggregate thickness. For example, using the regression equation 
for all soil types and all times (Table 5), 

I= 100 / (34.7 - w) (8) 

or for CL soil in the spring 

I= 100/(23.1 - w) (9) 
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These equations emphasize the problems associated with 
aggregate thickness design based on in situ soil characteristics. 

Because the Clegg Impact Value. or 11· in Equations 7. 8. and 9. 
is not a constant for a given soil some engineeringjudgment has 

to be incorporated into the design. The conservative approach 
would be to use the lowest Clegg Impact Value or the highest 11· 

measured in the field or obtained from laboratory samples 

prepared at standard critical conditions, such as the soaked 

CBR test. This usually leads to over-design and calculated 

thicknesses that are substantially greater than the actual values 
determined in the field. A more realistic approach is to use a 

concept comparable to that of accumulated damage and base 

the design thickness on a weighted average value that accounts 

for the variability of the Clegg Impact Value with the season (5). 

WCIV 

where 

WCIV 
F 

I 

CIV; 

Al; 

= 

:; 

n 

F;CIV;AI;/ if.I Al; (10) 

weighted average Clegg Impact Value, 

seasonal weighting factor for ith time interval, 
average Clegg Impact Value in ith time interval, 

and 
ith time interval. 
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For example, when Figure 4 is used to determine the average 
Clegg Impact Value and with F; equal to I, the following 

results: 

WCIV = ((I X 20 X I) + (I X 5 X 2) 
+ (I X 15 X 7) + (I X 50 X 2)) / (I + 2 

+ 7 + 2) 

= 19.6 

Then, with CIV = WCIV, Equation 7 becomes 

t = 100/ WCIV ( 11) 

Therefore, the required aggregate thickness for the example just 

given would be 5.1 in ( 129.5 mm) compared to the 20 in (508.0 

mm) required if 1he lowes1 value of Clegg impac1 Value (5) is 

used. 
It is difficult to relate this suggested method to the field test 

results because there are so many different climatic zones and 

soil types. Data are also insufficient to define the curve of Clegg 
Impact Value versus time. However, it is indicated in Figure 4 

(obtained from actual field measurements) that the weighted 

average Clegg Impact Value occurs during the summer months 

and it might be possible to use a single Clegg Impact Value to 

describe the subgrade soil. 
If it is assumed that the summer Clegg Impact Value obtained 

during the field visits is typical of the weighted average value, 
the required thickness of aggregate can be calculated using 

Equation 8 and compared to the actual aggregate thickness. 

The results of this comparison are tabulated in Table 7 and 
plotted in Figure 5. In analyzing the data obtained from this 

comparison, the square of the correlation coefficient between 

the actual values and the points calculated using Equation 8 
is 0.4. This indicates a poor correlation between observed 

aggregate thickness and the calculated values. The reason for 

the poor correlation is because an incorrect seasonal weighting 

factor of I was used instead of the actual value that fits local 

conditions. 
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TABLE 7 CALCULATED SEASONAL WEIGHTING FACTORS FOR DIFFERENT CLIMATIC 
ZONES 

Location Test Subgrade CIVsu Ac tu a 1 Calculatea Calculatedb 

(Climatic Zone) Soil Aggregate Aggregate F. 
l 

Classifi cation Thickness Thickness 

in. in.) 

Wapello, IA D CL 10 3.5 . 10.0 2.9 

(IA) E GC 26 2.0 3.8 1. 9 

J SM 27 2.0 3.7 1. 9 

L CL 14 4.0 7 .1 1.8 

Q SC 27 1. 3 3.7 2.8 

Zone Average 21 2.6 5.7 2.3 

Shelby, IA DD CL 18 2.5 5.6 2.2 

( IIA) SS SC 13 0.5 7.7 15.4 

vv CL 10 5.3 10.0 1. 9 

RR CL 19 Ll 5.3 1. 5 

Zone Average 15 3.6 7.2 1. 9 

Custer NF, NO 13 CL 12 6.0 8. 3 1.4 

( IIIA) 14 ML 24 3.0 4.2 1.4 

Zone Average '0 1U 4.5 6.2 l.4 

Kar;awhn, WV 5 ML 19 5.0 5.3 l. l 

( IB) 8 Sr-!- SC 38 8.0 2.6 0.3 

Zone Average 29 6.5 4.0 0. 7 

Collins, TX CL 11 7.0 9 .1 1. 3 

(I IB) 

Taylor, TX LL 22 6.0 4.5 0.8 

(l I rn) 11 SC 24 6.0 u 0.7 

Zone Average 23 6.0 4.7 .8 

Le xington, SC SM 36 7. .0 2. 8 1.4 

(IC) 

Smith, TX 11 SM 30 8.0 3.3 0.4 

(I IC) 

Klamath, OR 2 SM 26 8.0 3.8 0.5 

(I I IC) 10 ML 10( P . 5 10.0 0.8 

18 SW-SM 19 6.0 5.3 0.9 

Zone AvPra ge 18 8 .8 G.4 . 1 

~ f 100 h 100 
C!Vsu 

F. nr · "ca le , tactual SU 
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To determine the average seasonal weighting factor for the 
different climatic zones, the observed aggregate thickness and 
the summer Clegg Impact Value were substituted into Equa
tion 8, and an average seasonal weighting factor, F;, was back
calculated. The results of this calculation are also shown in 
Table 7. It is shown in Table 7 that the cold climatic regions 
have high values for the seasonal weighting factor. It can also be 
seen that there is a fair variation of values within any climatic 
zone. 

A matrix of average values for the seasonal weighting factor 
and calculated and observed aggregate thickness for each 
climatic zone is shown in Table 8. It can be seen that the roads 
in warm, dry climatic zones generally use more aggregate. The 
least amount of aggregate is associated with the data collected 
at Lexington County, South Carolina, in climatic zone IC. 

FIGURE 5 Calculated versus actual aggregate thickness. 

The averages of ail values are also shown in Table 8. it can be 
seen that the average observed thickness is 5.4 in (137.2 mm) 
compared to 5.3 in ( 134.6 mm) for the calculated thickness. An 
improvement in the relationship between calculated and ob
served thickness can therefore be made if the average Clegg 
Impact Value for each climatic zone is used to determine the 
resulting thickness. These values are shown by the darkened 
symbols plotted on Figure 5. In this case, the relation between 
the calculated and observed aggregate thickness is higher with a 
correlation coefficient of 0.7. Therefore, Equation 8 is ade
quate for most calculations to determine aggregate thickness, if 
enough data can be collected to allow the local engineer to 
determine the average seasonal weighting factor. 

TABLE 8 AVERAGE SEASONAL WEIGHTING FACTOR MA TRIX 

Climatic Zone Seasonal Actual Calculated 

Weighting Aggregate Aggregate 

Factor Thickness Thickness 

(in.) (in. 

IA 2.3 2.6 5.7 

IB 0. 7 6.5 4.0 

IC l. 4 2.0 2.B 

Zone Average l. 5 3.7 4.2 

!IA l. 9 3.6 7.2 

l l~ l. 3 7.0 9. l 

!IC 0.4 B.0 3.3 

Zone Average l. 2 6.2 6.5 

!!IA l. 4 4. 5 6.2 

I I IB O.B 6.0 4.3 

I I IC 0.7 B.B 6.4 

Zone Average l. 0 6.4 5.2 

Average of all l. 2 5.4 5.4 
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The one item of interest to the engineer that has not been 
mentioned is how the roads performed in relation to their 
thickness. During each of the site visits, the project personnel 
made a subjective evaluation oft he condition of all sections that 
were tested. At the time of the field visits, all of the test sites were 
in good condition. There were no restrictions on driving speed 
or comfort and no indications of subgrade failures . The only 
observed performance problem was at a site in Iowa at which 
the roads were slippery when wet. However, this is more likely 
related to the aggregate gradation rather than an insufficient 
aggregate thickness. 

The fact that the roads were in good condition might indicate 
that the roads were adequately designed for the level of traffic 
that they were carrying. It might also indicate that the roads 
were over-designed and aggregate was being wasted. It is 
impossible to determine which case is correct. However, the fact 
that the cold, wet climatic zones have less aggregate, and still 
have passable roads, suggests that many of the aggregate roads 
that are currently being constructed are somewhat over
designed. 

SUMMARY 

A simple aggregate thickness design procedure was suggested. 
The design was based on the Corps of Engineers equations for 
low-volume roads and requires an indication of the subgrade 
strength in terms of the subgrade Clegg Impact Value. 

Subgrade strength was determined in this paper by use of the 
Clegg Impact device and the relationships between CBR and 
Clegg Impact Value were developed from laboratory tests on 
collected field samples. It was shown that Clegg's relationship 
that related Clegg Impact Value to CBR was suitable to 
describe the soil for the sites tested. 

Field results were used to show that the thickness design 
equations could be simplified to an inverse function of a 
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weighted Clegg Impact Value (Equation 8) that incorporated 
climatic conditions into the design equation through a seasonal 
weighting factor. 

The suggested design procedure can be made site-specific if 
one collects enough data to accurately define the weighted 
Clegg Impact Value for particular climatic conditions. This 
value can then be used to determine the aggregate thickness 
based on particular local conditions instead of the data 
collected in this research. 
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