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Pavement Design Criteria for Heavy-Load Vehicles 

V.C. BARBER AND D.M. LADD 

Extensive prototype tests were conducted at the U.S. Army Engineer Water­
ways Experiment Station to adapt Corps of Engineers (CE) flexible pavement 
design criteria to pavements to be used in the MX missile program. The initial 
shell game concept for dispersing the MX missiles required construction of ap­
proximately 8,000 miles of roads capable of sustaining numerous passes of a 
missile transporter weighing about 1,500,000 lb. This research resulted in in­
creased knowledge of the performance of pavements subjected to heavy loads. 
Prototype test sections of bituminous surface-treated roads and gravel-surfaced 
roads were designed and constructed using current CE criteria. The test sec­
tions were trafficked to the design number of operations using a trafficking 
rig simulating the MX missile transporter. The trafficking rig was equipped 
with two load tires in line, each approximately 8 ft tall by 3 ft wide, inflated 
to 65 psi, and having a loaded weight of 62,500 lb. Test traffic was placed on 
the pavement and conditions were monitored for pavement distress. Analysis 
of the resulting test data led to the conclusion that existing CE criteria can be 
modified to provide a more economical pavement than was previously expected 
for very heavy loads. Most distress appeared in the form of deeper consolida­
tion caused by the very heavy loads on the unusually large tires. Other load 
parameters such as contact area and contact pressure were in more typical 
ranges and, therefore, gave more typical results. 

The U.S. Air Force Regional Civil Engineer for the 
MX missile program (AFRCE-MX) was charged with nu­
merous aspects of the MX Program. The principal 
AFRCE objective was to select design criteria and 
methodology for construction management of the 
heavy-duty, low-volume road networks that would be 
the heart of the MX missile deployment scheme. 

The shell game concept that generated this inten­
sive research effort and resulted in a large amount 
of new data consisted of 200 MX missiles, each 
housed in a cluster of 23 horizontal shelters for a 
total of 4,600 shelters. The MX system was to be 
deployed according to the shell game concept wherein 
a single missile is moved among the 23 silos of a 
cluster as required for deception and conceal­
ment. The horizontal silos were to have a minimum 
spacing of approximately 1 mile and were to be con­
nected by roads over which the MX missile would be 
moved as required. Roads also connected the 200 
clusters to each other and to the service and stor­
age areas. 

The MX missile was to be carried on a trans­
porter-erector-launcher (TEL) approximately 250 ft 
long with a loaded gross weight of approximately 
1,500,000 lb. One definition of the vehicle support 
system included 24 single wheels on 12 axles (6 
front and 6 rear), and the anticipated wheel load 
was to be 62,500 lb. 

The resultant road requirement consisted of ap­
proximately 8,000 miles of all-weather roads to 
support the TEL for approximately 430 vehicle passes 
during its life of 15 years. Because first cost or 
installation cost of the entire system was a primary 
consideration, the objective was to develop a satis­
factory road system at the lowest possible initial 
construction cost. After conducting preliminary 
studies and considering numerous alternatives, the 
AFRCE selected the U.S. Army Corps of Engineers (CE) 
road design methods as the basis for the MX road 
program. The U.S. Army Engineer Waterways Experiment 
Station (WES) Geotechnical Laboratory (GL) Pavement 
Systems Division (PSD) was designated as the prime 
consultant to the AFRCE and the lead agency in de­
termining a suitable design, construction, and life­
cycle management technology to the AFRCE for the MX 
road system. In response to this requirement the 
WES launched an extensive support program in 1979 

designated as the MX Road Design Criteria Studies 
(RDCS). 

Although the RDCS program was discontinued in 
Octoher 1981 because of the Presidential decision to 
use more modest basing mode concepts, extensive 
prototype tests were conducted that resulted in a 
massive volume of performance data for very heavy 
vehicle operations on low-volume roads with various 
pavement constructions. As a result of these proto­
type tests and the analysis conducted before program 
discontinuance, significant findings have heen gen­
erated to date, and further analysis of the avail­
able data should significantly advance the current 
state of the art in heavy-load, low-volume road 
life-cycle management from conception to termination. 

OBJECTIVE 

The objective of the RDCS was twofold. The first 
objective was to extend the validated range of cur­
rent CE design criteria to include the characteris­
tics of the MX TEL. The second objective was to 
determine the most economical road type that would 
meet these criteria keeping in mind the 15-year life 
cycle. Within this framework, the specific require­
ments included the following: 

1. Extension of existing structural er i ter ia to 
provide for MX road design in terms of layer 
strengths and thicknesses (_!). 

2. Determination of surface stability require­
ments to minimize functional deterioration or sur­
face loss associated with environment and traffic. 

3. Evaluation of overall functional performance 
and minimum serviceability criteria. 

4. Evaluation of the applicability of nonde­
structive testing procedures for increased quality 
control and evaluation. 

5. Determination of the amount of cover required 
for shallow-buried drainage structures. 

6. Use of the Differential Analysis System (DAS) 
to optimize design with respect to minimum re­
liability requirements (~). 

SCOPE 

The conduct of the RDCS included an extensive proto­
type test designed to satisfy the stated ohiectives. 
The prototype test section was trafficked with rep­
resentative wheel loads, results were observed, and 
data that would be useful in a comprehensive data 
analysis were recorded. 

Although the RDCS ended in October 1981, some 
preliminary analyses were accomplished that could 
have a significant impact on the future design of 
heavy-load, low-volume roads. This paper includes 
the preliminary results of analyses that have been 
conducted to date on the data accumulated from 
prototype tests of the test pavements. 

PROTOTYPE TESTING 

The test philosophy of expanding existing criteria 
as well as developing specialized criteria for 
existing field conditions of the then likely Nevada­
Utah Basin range required the selection of two cate­
gories of soils. The first category was similar to 
soils used to develop classic criteria. The second 
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category was representative of field materials in 
the hasin area and was used to make classic criteria 
more applicable to actual conditions. The test 
section consisted of three separate traffic lanes: 
edc.;h lc:tr1t! c.;ontaineO five tesl:. seccions { re t erre<1 to 
as items) to provide for a comprehensive spectrum of 
traffic-pavement-soil types. 

Figure 1 shows a layout of the test section. The 
test items shown were desiqned to meet the stated 
objectives. Items 3, 4, and 5 in Lane 3 were 
designed in part to provide data for determining 
surface stability requirements. Although the com­
hinations of test items, traffic lanes, and test 
pnrametere 11re manifold, Un, seuµ., u[ thls paper 
dictates that only the performance of these items be 
discussed to illustrate those findings of concern 
here. Figure 2 shows a profile view of those items 
used to determine surface requi rements. 

The test section was located at the WES, Vicks­
burg, Mississippi, in hangar 4. The soil in this 

... , ~-- _, __ _ 
~ .1- ,::::au '--.Lay• 

a depth of approximately 9 ft. The hanqar floor was 
leveled hefore excavation to facilitate uniform 
construction. A benchmark was used for all vertical 
control throughout construction and testing of the 
MX test section. 

TESTING AND BEHAVIOR 

Traffic tests were performed on a ll traff i c lane s 
with a specially designed test vehicle (Figure 3). 
This vehicle was a modified prime mover huilt by 
Marathon LeTourneau, Inc. in Vicksburg, Mississippi. 
The vehicle was modified so that two test wheels 
could be installed in tandem to represent a portion 
of the TEL. Al though the TEL experienced sever a l 
design changes during the conduct of the program, 
one set of characteristics was used in these 
studies. The TEL simulated in these studies was 
supported on 24 tires, each having a total loaded 
ground weight of 62,500 lb. The total gross weiqht 
of the vehicle was expected to be approximately 
1,500,000 lb and the vehicle was designed with 6 
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tires on each quadrant of the vehicle. The tires 
used had a smooth surface and were approximately 98 
in. high and 39 in. wide. The tire designation was 
37.5 X 39. 

Operat i onal Desiqn 

The operational scenario of the MX deployment con­
cept called for the movement of the 'l'EL, upon com­
mand, among 23 horizontal silos within a cluster. 
Because these moves were to be infrequent, a total 
of 430 TEL passes were anticipated during the 15-
year life of the system. Because the vehicle desiqn 
called (01 6 wltt,els on each corner or 12 wheels in 
line an one side, the TEL-to-test vehicle traffick­
ing ratio was 6 to 1. It would therefore require 
2,600 passes of the test vehicle to represent 430 
TEL passes. 

All traffic was applied with the tandem-wheel 
configuration with a backward and forward movement 
~lonq each t~affic lane. Th e i~a[[ic.; wuti appl ied in 
a single line with no wander permitted across the 
traffic lane. Each pass of a wheel was defined as 
one coverage. Therefore one test cart pass was two 
coverages. Traffic was commenced and continued for 
2,600 passes. 

Test Items 

evaluat i ng surface requirements were items 3, 4, and 
5 of Lane 3. A d escrip tion of these i terns is as 
follows. 

Item 3, Lane 3. This test item consisted of 6 ft 
of a blended cohesionless sand-qravel material 
(Blend II) considered representative of the material 
below the 2-ft depth in the prospective basing area. 
The top 6 in. of the Blend II was compacted at opti­
mum moisture and surfaced with a double bituminous 
surface treatment. Surface deterioration of this 
item was minimal with a maximum rut depth of 1.1 in. 
as shown in Figure 4. 

I tern 4, Lane 3. This i tern consisted of 5 ft of 
Blend II material covered with 12 in. of a blended 
cohesionless sand-gravel material (Blend I), con-

,_---- - - - - - - - - - -- - -- - -- -TRAFFIC LANE 1. ___ - - ---- - -- ------- - -- • 

0 
"' 1-- ---- -- - -- ====-=-- - -_::-::. :=TRAFF IC LANE 2 : :_-_-::: ::::: ::-:: : ::_ 

~=- ---:.:.:.::.:- -------- - - - TRAF FIC LAN E 3 . - -- --- -----· 

ITEM 5 ITEM 4 ITEM 3 

PLAN 

ITEM 2 

- ----- - - -· 
- - --- ---· - --------

ITEM 1 

Figure 1. Plan view of test section. 

ITEM 5 LANE 3 ITEM 4 LANE 3 

ST 

16 IN. BLEND II 
12 IN. Bl.END I 

SILT BLEND II 

Figure 2. Profile view of Lane 3, items 3, 4, and 5. 

ST 

ITEM 3 LANE 3 

OBST 
6 IN. BLEND II 

BLEND II 
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Figure 3. Test vehicle. 

sidered representative of the material in the top 2 
ft of the basing area, that was compacted at optimum 
moisture. The item was surfaced with a sinqle sur­
face treatment. Deterioration of the surface of 
this item was also minimal with a maximum rut depth 
of 1.0 in. as shown in Figure 4. 

a 

Item 5, Lane 3. This item consisted of 44 in. of 
silt material overlaid with 16 in. of Blend II 

compacted at optimum moisture 
sinqle surface treatment. The 
0.7 in. as shown in Fiqure 4. 

Data Collection 

and surfaced with a 
maximum rut depth was 

Data were collected before and after traffickinq as 
well as at predetermined intervals. Cross sections, 
profiles, photographs, instrumentation readings, 
nondestructive tests, and rut-depth measurements 
were among the data recorded as were the ohysical 
parameters of mo is ture, density, and strenqth, 
Rutting in the i t ems is the primary parameter dis­
cussed here. 

ANALYSIS OF SURFACE-TREATED TEST ITEMS 

Performance 

Soil strengths and rut depths for the surface­
treated items are shown in Table 1. Each test item 
was subjected to 2,600 passes of the simulated MX 
load cart having a loading of 125 , 000 lb on two 
tires with an inflation pressure of 65 psi. This 
traffic produced 1.1 in. of rutting in item 3, 1.0 
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Table 1. Comparison of rut depths and CBR values for unsurfaced and surface­
treated items. 

Rated CBR 

Top Soil Rut Depth Top Soil 
Test Lane Test Item Layer ( in .) Layer Subgrade 

Unsurfaced 

3 Blend II 1.93 19.5 NA 
4 Blend I 4.16 36 21 
5 Silt 1.3 67 NA 

Bituminous Surface Treatments 

3 3 Blend II 1.1 100+ 19. 5 
4 Blend I 1.0 79 21 
5 Blend 11 0 .7 59 24 

in. of rutting in item 4, and 0.7 in. of rutting in 
i tern 5. Fiqure 4 shows the development of rutting 
with increased numbers of passes for each test item. 

General failure criteria for a flexible pavement 
is considered by the CE to be the development of 
rutting equal to or greater than 1,0 in. This rut­
ting may be due to shear deformation under traffic 
resulting from insufficient thickness or due to 
densification resulting from inadequate density. 
Investigation of the rutting produced in these test 
items indicated that it was caused primarily by 
initial densification under traffic, because there 
appeared to be no shear deformation in the soil 
layers of the test items. 

To compare the performance of the test items with 
current CE thickness design criteria, the allowable 
traffic was computed for each test item. The number 
of passes predicted by the CE criteria to cause 
failure is given in Table 2. Items 3 and 4 reached 
the 1.0-in. rutting failure criteria at 2,600 
passes, which was significantly more than the CE 
criteria would predict, indicating that the CE cri­
teria for thickness desiqn may be conservative in 

Table 2. Predicted traffic passes before failure for bituminous surface 
treatments. 

Subgrade Before Thickn ess 
Soil Traffic of Cover Predicted 

Test Lane Test ltem Type CB R (in.) Passes 

3 3 Blend II 15 6 < 10 
4 Blend II 12 12 20 
5 Silt 22 16 > I 0,000 

PASSES OF LOAD CART 

400 800 1200 1600 2000 2400 2800 

~ 0.4 

I 
I-­
Cl. 
w 
0 

16 IN, 

-----.... ~------------- ITEM 5 LANE 3 
I-
~ 0.8 

Figure 4 . Rut depth measurements for surface-treated items. 

12 IN. 
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the range of load, size of tire, and tire pressure 
tested. 

Comparison 

When the surface-treated items were compared to 
similar items havinq no surfacing, there was signif­
icant improvement in the performance of the surface­
treated items. Data for unsurfaced i tem~ Bl ~n traf­
ficked by the simulated "IX load cart are given in 
Table 1. As can be seen, item 3 of Lane 1 contained 
Blend II material at the surface and sustained 1.93 
in. of rutting: whereas, item 3 in Lane 3 contained 
the double surface treatment on Blend II material 
and sustained only 1.1 in. of rutting. Also, item 4 
of Lane 1 had Blend I at the surface and sustained 
4.61 in. of rutting: whereas, item 4 of Lane 3 con­
taining a single surface treatment sustained only 
1.0 in. of rutting. There was also significant 
movement of the soil in items 3 and 4 of Lane 1 from 
uncterneath the tire to . the sides of the traffic 
lane: this did not occur in the surface-treated 
items. The important implication of these results 
is that the application of a surface treatment on 
the in-place soils at the MX deployment area may be 
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sufficient to carry the anticipated heavy loads and 
provide an adequately paved road. 

CONCLUSIONS 

The following conclusions resulted from this anal­
ysis: 

1 . ~rlo.n11::rit-o compaction of soil layers is impor­
tant to prevent densification. 

2. Surface treatments performed satisfactorily 
under heavy loads. 

3. Ruttinq of soil layers was reduced by the 
application of surface treatments. 
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Development of Rigid and Flexible Pavement Load 

Equivalency Factors for Various Widths of Single Tires 

JOHN P. HALLIN, JATINOER SHARMA, AND JOE P. MAHONEY 

An analytical study to compare the effects of axles with single and dual tires 
on pavement performance is presented. Both rigid and flexible pavements 
were analyzed using currently available finite-element and elastic-layer analy­
sis programs. The stresses und strains obtained fr.om these programs were used 
in fatigue failure models to develop equivalency relationships between duel 
tires and various widths of single tires. Equivalent wheel-load factors were 
developed for various widths of single tires on both rigid and flexible pave­
ments . These factors can be used to evaluate regulations relating to tire and 
axle loadings . They also permit conversion of mixed traffic having axles with 
single tires to equivalent 18-kip dual-tire, single-axle load applications for use 
in pavement design and evaluation. 

An increasing number of trucks are being observed 
with heavy loads on axles with single tires. Con­
cern over whether current regulations properly con­
sider the relative effects of axles with single 
tires resulted following observations of serious 
distress on a highway in northwestern Washington 
State. In 1979 as the result of a railroad abandon­
ment, transportation of limestone between a quarry 
and cement plant near Bellingham, Washington, 
shifted to trucks . The trucking contractor elected 
to use tandem axles with single 12-in. wide tires on 
double trailer trucks. This tire and axle configu­
ration was selected to permit the maximum load on 
the minimum number of tires and comply with tire and 
axle load regulations. Washington State Department 
o f Transportation regulations permit a maximum tire 
load of 550 lb/in. of width for tires less than 12 

in. wide and 660 lb/in. of width for tires 12 in. 
wide or wider. The maximum axle loads permitted are 
20,000 lb for single axles and 34,000 lb for ·tandem 
axles. 

It became apparent that the use of single tires 
in lieu of dual tires should be examined. Thus, the 
objective of this study was to determine the rela­
tionship between axles with single tires and ax],es 
with dual tires and pavement performance. The re­
sults o f the e tudy can be used to answer the ques­
tion: If axles with single tires are a major con­
tributor to pavement deterioration, what changes are 
needed in the regulations? 

Various rigid and flexible pavement sections were 
analyzed by using existing finite-element and elas­
tic-layer analysis programs. The maximum calculated 
stresses and strains resulting from various tire 
loads were used to determine the fatigue life of the 
pavement under these loads. Equivalency factors be­
tween single and dual tires were then determined 
based on relative fatigue lives. Dual tires with a 
width of 10 in. and center to center spacing of 15 
in. and single tires with widths of 10, 12, 14, 16, 
and 18 in. were used in the analysis. The study 
approach is outlined in Figure 1. 

ANALYSIS OF RIGID PAVEMENTS 

In the analysis of portland cement concrete pave-
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Portland Cement 

Concrete Pavements 

Calculate maximum flexural 
stress in concrete slabs 
resulting from tire loads 
using a finite element 
analysis procedure. 

Calculate warping 
stresses in concrete 
slabs as a result of 
temperature gradients . 

Using fatigue analysis 
determine the load repe­
titions to failure for 
combined load and warp­
ing stress. 

Develop a relationship 
between dual and single 
tires, based on the 
fatigue analysis . 

Asp ha 1 t Cement 

Concrete Pavements 

Calculate the ma ximum hori­
zontal strain at the bottom 
of the asphalt pavement layer 
using elastic layer theory . 

Using fatigue analysis 
determine the load repeti­
tions to failure. 

Develop a relationship 
between dual and single 
tires, based on the fatigue 
analysis. 

Compare With Current Regulations and 
Recommend Changes if Necessary 

Figure 1. Study approach. 

ments, the combined stresses resulting from traffic 
loads and temperature gradients within the pavement 
were considered. The magnitude of these stresses is 
a function of the pavement section, material proper­
ties of the concrete, joint design, and subgrade 
support. Most recently constructed concrete pave­
ments · in the Washington State Highway System are 9 
in. thick. They are placed on a gravel or asphalt 
treated subbase 4 in. or more in thickness. The 
pavements are plain jointed concrete, and aggregate 
interlock provides the load transfer across the 
joints. Transverse joints are skewed at a ratio of 
2:12 with a random spacing of 9, 10, 14, and 13 ft. 

To bracket the range of conditions generally ex­
pected, plain concrete pavements with thicknesses of 
7, 9, and 12 in. over a foundation with a modulus of 
subgrade reaction of 100 and 300 psi/in. were ana­
lyzed. Material properties of the concrete were 
modulus of rupture, 750 psi; modulus of elasticity, 
4.5 x 10 6 psi; and Poisson's ratio, 0.15. 

Load Stresses 

Load-related stresses in concrete pavements were 
determined by using the ILLI-SLAB finite-element 
computer program (l)• The program is relatively 
simple and inexpensive to use; and, as reported by 
Tabatabaie and Barenberg (2), the results agree 
closely with both theoretical and experimental re­
sults. 

A large number of variables affect the stresses 
in concrete pavement. As a tirst step in the study, 
the variab l es that had the greatest effect on ten­
sile stresses in the pavement slab were identified. 
The following are the basic parameters selected for 
the identification process: The maximum legal axle 
loads of 20,000 lb for single axles and 34,000 lb 
for tandem axles; and tire widths of 10 in. for dual 
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tires, 16 in. for single tires on single axles, and 
13 in. for single tires on tandem axles. These tire 
widths were based on the regulatory requirements for 
maximum tire load. Because the loaded pavement area 
modeled in the program is a rectangle, the trans­
verse dimension was the tire width and the longitu­
dinal di.mension varied depending on the axle load. 
The tire contact pressure was 80 psi. 

The initial phase of the analysis consisted of 
determining the magnitude of the tensile stresses in 
the concrete pavement for single and tandem axles at 
four load positions. The axle configurations ex­
amined were as follows: Case I, a single axle with 
dual 10-in. tires; Case II, a single axle with sin­
gle 16-in. tires; Case III, tandem axles with 10-in. 
dual tires; and Case IV, tandem axles with single 
13-in. t i res. Four load positions were analyzed: 
(a) at the joints with the vehicle centered in the 
lane; (b) at the joint with the right wheel at the 
pavement edge; (c) at the midpoint of the slab with 
the right wheel at the pavement edge; and (d) at the 
midpoint of the slab with the right wheel 12 in. 
from the pavement edge. The results clearly showed 
that the mid-panel edge loadings caused the most 
stress and that maximum tensile stress was located 
at the bottom edge of the mid-panel slab. The mid­
panel edge loadings, shown in Figure 2, were se­
lected for use in this study. 

A single axle, mid-panel edge load, 9-in. pave­
ment, and a modulus of subgrade reaction of 100 
psi/ in. were selected for the analysis of the sensi­
tivity of load-related stresses to variations in 
tire pressure, single tire width, and joint spac­
ing. These were varied as follows: 

1. Tire contact pressures of 70, 80, 90, and 100 
psi were analyzed for both 10-in. dual tires and 
16-in. single tires. The results, shown in Figure 
3, indicate that the variation in edge stress is 
about l percent for tire contact pressures between 
70 and 100 psi. 

2. The effects of tire width were analyzed using 
a 20-kip single axle load with 10-, 12-, 14-, 16-, 
and 18-in. wide single tires. The results, shown in 
Figure 4, indicate a definite relationship between 
tire width and pavement stresses. 

3. Joint spacings of 13, 15, and 20 ft were ana­
lyzed to determine the effect of joint spacing on 
pavement edge stress. The results, shown in Figure 
5, indicate a maximum variation of less than 3 per­
cent. 

Based on the preceding a decision was made to use a 
tire contact pressure of 80 psi and a joint spacing 
of 13 ft in this analysis of pavement stresses. 

Warpi ng Stresses 

Differences in temperature between the top and bot­
tom surfaces of a concrete slab will cause the slab 
to warp. The weight of the slab and its contact 
with the subgrade restricts the movement of the slab 
and stresses are developed. Measurements by Teller 
and Southerland (3) show that the temperature dif­
ferential between -the pavement layers is much larger 
during the day than during the night. Furthermore, 
during the day the temperature of the upper surface 
of the concrete slab is higher than the temperature 
at the bottom of the slab placing tensile stresses 
at the bottom of the slab. This is important, 
uecduse the maximum load-related tensile strcoocc 
also occur at the bottom of the concrete pavement 
slab. 

To evaluate warping stresses, the temperatures at 
the top and bottom of the slab were computed from 
Weather Bureau data using a procedure developed by 
Barber Cil• Maximum pavement temperatures were cal-
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Figure 2. Loading cases used in the finite-element analysis of concrete pavement. 
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culated for 7-, 9-, 10-, and 12-in. slabs in eastern 
and western Washington. Temperatures were calcu­
lated for each slab thickness, and the difference in 
gradients between eastern and western Washington was 
only about 5 percent. Therefore, to reduce the 
number of computations, only the western Washington 
pavement temperatures were used for the analysis. 

To determine the maximum combined load and warp­
ing stresses, the warping stresses were calculated 
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Figure 5. Effect of joint spacing on load-related edge stress . 

at the bottom center of the longitudinal pavement 
edge. This was where the maximum load-related edge 
stresses were found. Two methods for computing 
warping stress were considered: a procedure pre­
sented by Bradbury (5), which is based on Wester­
gaard's work, and a set of regression equations de­
veloped by Darter (6) using data developed from a 
finite-element analysis. 

The two methods were compared using pavement tem­
peratures for July, which was the month with the 
highest temperature gradient. The following vari­
ables were used in the analysis: moduli of subgrade 
reaction (K) of SO, 100, 200, and 300 psi/in. and 
pavement thicknesses of 7, 9, and 12 in. Figure 6 
shows the stresses calculated for a 9-in, pavement. 
For higher K-values the Bradbury analysis gave much 
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Figure 6. Warping edge stress during July for 9-in. pavements located in western 
Washington. 

higher stresses than the Darter equations. However, 
the warping stresses calculated by the Bradbury 
procedure were generally higher than the measured 
stress because full restraint of the slab is as­
sumed. Whereas, the finite-element program used by 
Darter allows the slab to curl in a weightless con­
dition, then the restraining weight of the slab is 
added. 

Based on a comparison of the two procedures and a 
review of previous work, the Darter equations, sub­
ject to the conditions in the following discussion, 
were selected to compute edge-warping stresses for 
this study. It was noted that above a modulus of 
subgrade reaction of approximately 200 psi/in. the 
warping stress tended to decrease. Majidzadeh, 
Ilves, and McComb (1) reported that when analyzing 
warping stresses using a coupled finite-element and 
elastic-multilayer subgrade program, no appreciable 
differences in warping stresses were noted for 
changes in subgrade support conditions. It was con­
cluded that Darter's equations would be used to com­
pute warping stresses for subgrades with K-values of 
200 psi/in. and below. For K-values above 200 
psi/in., the warping stress calculated for 200 
psi/in. would be used. This assumed that for very 
weak subgrades, the subgrade yields as the slab 
warps. This provides uniform support over the 
length of the slab and reduces stress. 

Fatigue Analysis 

The fatigue relationship used was the one proposed 
by Vesic (.~) : 

N2.s = 225 ,000 (MR/a)4 

where 

(I) 

load repetitions to a serviceability index 
of 2.5, 

MR modulus of rupture of the concrete, psi, 
and 

o tensile stress, psi. 

The tensile stress was the combined load 
warping stress. The fatigue analysis assumed 
load repetitions were uniformly distributed over 

and 
that 
the 

year. The mean maximum monthly warping stress was 
used, which assumes that the load repetitions oc­
curred during the day. It was felt that this as­
sumption was adequate for comparison of tire sizes 
and configurations. Allowable repetitions for a 
specific axle load and pavement section was based on 
the following relationship: 

12 
~ (n/Ni) = l (2) 

i=I 

where 

n 1 / 12 of the total load repetitions, and 
Ni the allowable number of load applications for 

each month, based on the combined load stress 
and warping stress for that month. 

Figure 7 shows the fatigue relationships developed 
for single axles on a 9-in. pavement. 

Eguivalency Relationships 

The fatigue curves were used to determine the per­
cent of a dual tire axle load that an axle with a 
specific width of single tire could carry and have 
iln equiv;:ilcnt number of repetitions to a service­
ability index of 2.5. It was found that each pave­
ment depth and modulus of subgrade reaction had an 
individual relationship. These are shown in Figure 8. 

Equivalent wheel-load factors were developed for 
dual tires on single axles and 10-, 12-, 14-, 16-, 
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Figure 7. Axle load repetitions to a serviceability index of 2.5 for single-axle edge loading (cases 1-C, 
11-C) on a 9-in. pavement. 

and 18-in. wide single tires on s ingle axles. The 
factors were developed for 7-, 9-, and 12-in. pave­
ments with subgrade K-values of 100 and 300 psi/in. 
The fo:!.lowing relationship was used to develop the 
equivalent wheel-load factors: 

F; = N I s/Ni (3) 

where 

Fi equivalent wheel load factor, 18-kip dual­
tire, single axles; 

N1 a repetitions to a serviceability index of 2.5 
for an 18-kip dual-tire, single-axle load; 
and 

Ni repetitions to a serviceability index of 2.5 
for the axle load being evaluated. 
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The equivalent wheel-load factors for single 
axles with single tires on a 9-in. pavement with a 
subgrade K-value of 100 psi/in. are given in Table 1. 

ANALYSIS OF FLEXIBLE PAVEMENTS 

The use of currently available analysis procedures 
to compare the effects of various widths of single 
tires with dual tires on flexible pavement perfor­
mance presents an interesting problem. This is be­
cause the various elastic-layer and finite-element 
analysis procedures developed for flexible pavements 
use uniform circular loads. As a result, the width 
of the tire being modeled is a function of tire con­
tact pressure and load. In a previous study, Terrel 
and Rimsritong (_2) compared the relative damaging 

K l 00, lb/ in . 3 

K 300, lb/in . 
3 

Pavement Thickness , Inches ( 

14 16 18 

\/idth of Single Tire, Inches 

Figure 8. Percentage of dual-tire axle loads that an axle with single tires can carry for equivalent pavement life. 
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Table 1. Traffic equivalence factors for single axles with single tires, rigid 
pavement 9-in. thick, and modulus of subgrade reaction = 100. 

Equivalent 18-kip Dual-Tire, Single-Axle Loads 

Axle Single Tire Width 
Load 
(kips) JO in . 12 in . 14 in. 16 in. 18 in , 

10 0.4251 0.3848 0.3407 0.2950 0.2728 
12 0.6922 0.6266 0.5548 0.4803 0.4442 
14 1.0453 0.9463 0.8378 0.7254 0.6709 
16 1.4939 1.3524 1.1973 1.0367 0.9588 
18 2.0469 1.8530 1.6405 1.4204 1.3137 
20 2.7130 2.4561 2.1744 1.8827 1.7412 
22 3.5005 3.1690 2.8056 2.4292 2.2466 
24 4.4176 3.9992 3.5406 3.0656 2.8352 
26 5.4719 4.9537 4.3857 3.7972 3.5119 
28 6.6711 6.0394 5.3468 4.6294 4.2815 
30 8.0227 7.2630 6.4301 5 .5674 5.1490 
32 9.5339 8.6310 7.6413 6.6161 6.1189 
34 11.2118 10.1500 8.9861 7 .7805 7.1958 
36 13.0634 11.8262 10.4701 9.0653 8.3841 
38 15 .0954 13.6658 12.0988 10.4755 9.6882 
40 17.3146 15 .6748 13 .8774 12.0155 11.1125 

effects of various widths of single tires and dual 
tires. To simulate tire widths for various wheel 
loads, they varied the contact pressure. This re­
sulted in contact pressures that were not represen­
tative of contact pressures encountered in the field. 

The development of equivalency factors for axles 
with single tires in this study is an extension of 
the earlier study by Terrel and Rimsritong. Two ad­
ditional modeling techniques were evaluated to de­
termine if tire contact pressure or shape have a 
significant effect on the tensile 'strains at the 
bottom of the pavement. 

Method of Analysis 

The pavement sections analyzed were 3, 6, and 9. 5 
in. of asphalt concrete pavement on 8 in. of crushed 
aggregate base. The material properties used are 
given below. 

Asphalt Concrete: The resilient modulus of as­
phalt concrete is a function of its temperature. 
Resilient modulus versus temperature relationships 
have been developed for Washington State University 
Test Track pavement (J) • Assuming an average tem­
perature of 68°F, a resilient modulus of 400,000 psi 
was selected. The Poisson's ratio was assumed to be 
0.3. 

Crushed Aggregate Base: The resilient modulus of 
untreated aggregates is a function of the confining 
stress. Repeated-load triaxial testing of crushed 
aggregate base on a project at the Washington State 
university Test Track resulted in the following re­
lationship (J): 

where 

MR resilient modulus, and 
e bulk stress (cr 1 + 2cr 3 in the triaxial 

test). 

(4) 

This relationship and a Poisson's ratio of 0.4 were 
used for crushed aggregate base in the analysis for 
this study. 

Subgrade: A wide range of modulus values for ' 
subgrade materials are encountered on highway con­
struction in the state of Washington. Terrel and 
Rimsritong used a value of 6,500 psi and a Poisson's 
ratio of 0.45. For uniformity, these values were 
used in this study. 

The maximum horizontal strain at the bottom of 

9 

the asphalt concrete layer was calculated for var­
ious tire sizes and axle loads using the Elastic 
Theory Iterative Method-Dual Wheel Option (PSAD2A) 
computer program. This program, developed at the 
University of California at Berkeley, is capable of 
calculating stresses and strains due to dual wheel 
configurations. In addition, for layers with 
stress-dependent resilient modulus values, the mod­
ulus can be determined by an iterative process. 

To compare axles with single tires to axles with 
dual tires, a fatigue distress model was used. Fa­
tigue dis tress is assumed to be the cracking that 
results from repeated load applications and is a 
function of the horizontal strain at the bottom of 
the asphalt concrete layer. Fatigue analysis was 
used, because cracking is the principal form of 
asphalt pavement distress in Washington State (10) . 
The fatigue model selected for this study was d evel­
oped by Finn et al. (11). The model predicts the 
number of repetitions ;;sulting in fatigue cracking 
equal to or less than 10 percent of the wheelpath. 

log Nr = 15.947- 3.219 log (E/10.6)- 0.854 log (E*/103) (5) 

where 

E* 

repetitions to failure, 
maximum tensile strain at the bottom of the 
asphalt bound layer, inches, and 
resilient modulus, psi. 

The following three techniques were used for mod­
eling tire widths. 

1. Constant Radius-Variable Pressure Method. 
This procedure was the method used by Terrel and 
Rimsri tong. Three single tire widths were evalu­
ated, 10, 15, and 18.5 in. The width of each dual 
tire was 10 in. The tire widths were maintained by 
varying the tire pressures. The maximum horizontal 
strains at the bottom of the asphalt pavement layer 
were determined and the fatigue life for various 
axle loads on the three pavement sections 
calculated. Figure 9 shows the relationship 
devel?ped between axle loads and repetitions to 
failure for a 6 in. asphalt pavement section. 

2. Double Circle-Constant Pressure Method. This 
method and the single circle-constant pressure 
method, to be discussed next, use the assumption 
that the axle load versus repetitions to failure 
curves for various single tire widths are parallel 
to the curve for dual tires. To determine the slope 
of the fatigue curves, curves were developed for 
dual tires using two methods: applying the wheel 
load through a circle with a constant radius and 
applying the load using a constant contact pressure 
of 80 psi. The slopes of the two curves were very 
close for the 9.5-in. asphalt pavement. However, 
the difference in slopes increased as the depth of 
the asphalt pavement section decreased. 

It was concluded that the average slope would be 
an adequate representation of the slope of the fa­
tigue curve. For dual tires, the average curve was 
fit through the intersection of the constant contact 
pressure and constant radium lines. An example of 
these curves for a 6-in. pavement section is shown 
in Figure 10. It is interesting to note that the 
intersection of these curves lies between 20- and 
25-kip axle loads, which is in the load range com­
monly analyzed using the elastic layer programs. 

To model tire width using the double circle 
method, two adjacent loading circles with a contact 
pressure of 80 psi were used. The radius of the 
circle · was chosen so that four times the radius 
equalled the desired tire width. The total area, of 
two circles, was calculated and multiplied by the 
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Figure 9. Axle load repetitions to failure for single axles on a 6-in. asphalt concrete pavement over an 8-in. crushed 
aggregate base-constant radius method. 
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Figure 10. Fatigue relationship for single axles with dual tires (6-in. asphalt concrete pavement over 8 
in. of crushed aggregate base). 

contact pressure. This represented the simulated 
load on the single tire. The maximum horizontal 
strain at the bottom of the pavement layer was 
determined and the repetitions to failure 
calculated. The point representing axle load versus 
number of repetitions to failure was plotted and a 
fatigue curve fit through the point. Calculations 

were made for simulated tire widths of 10, 12, 14, 
16, and 18 in. The resulting relationship for a 
6-in. asphalt pavement section is shown in Figure 11. 

3. Single Circle-constant Pressure Method~ This 
method is similar to the double circle method. In 
this case, the diameter of the circle was chosen to 
equal the width of ~he tire to be simulated. The 
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Figure 11. Axle load repetitions to failure for single axles on a 6-in. asphalt concrete pavement over an 
8-in. crushed aggregate base-double circle method. 
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Figure 12. Axle load repetitions to failure for single axles on a 6-in. asphalt concrete pavement over an 8-in. 
crushed aggregate base-single circle-constant pressure method. 

wheel load was equal to the area of the circle times 
the contact pressure, which was held constant at 80 
psi. The maximum horizontal strain at the bottom of 
the asphalt pavement section was determined and 
repetitions to failure calculated. A fatigue curve 
was then fit through the point using the same method 
as i.n the double circle method, Fatigue curves were 
developed for 10-, 12-, 14-, 15-, and 18-in. wide 
tires. The curves for a 6-in. asphalt pavement sec­
tion are shown in Figure 12, 

Egu i va l ency Re lationsh ips 

For each method and pavement thickness, the percent 
of . dual axle load that an axle with single tires 
could carry and have an equivalent fatigue life was 
determined. The equivalency relationships for a 
6-in. asphalt concrete pavement are shown in Figure 
13. Because of the wide range between the double­
circle and the two single-circle methods, a compari­
son with actual field measurements was needed. 

There have been only a limited number of investi­
gations to measure the actual effects of dual tires 
versus single tires on pavement performance. At the 
AASHO Road Test an investigation was conducted to 
determine the performance and deflections for a num­
ber of pavement sections under loadings of several 
pieces of military transport equipment (12). These 
included the study of the use of low pressure, low 
silhouette (LPLS) tires on tractor and semitrailer 
units and the effects of the use of the GOER, a self 
propelled cargo or fluid transporter resembling a 
conventional two-axle tractor scraper. Both the 
LPLS and GOER tires were approximately the same 
width as the dual tires used for comparison. 

Zube and Forsyth (13) reported on a study by the 
California Division o;-Highways in 1963 to determine 
the single-wheel, single-axle loading that would 
produce the same destructive effect as a dual-wheel, 
single-axle loading of 18,000 lb. The width of the 
single tire was approximately 12 in. At one test 
site they measured the horizontal strain at the bot­
tom of the pavement section under both dual and sin­
gle tire loadings. 

Based on an analysis of the data from the AASHO 
Road Test and the California study it was concluded 
that an axle with a single tire equal in width to 
the dual tires on a 3-in. asphalt pavement section 
should be able to carry 120 percent of a dual tire 
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Figure 13. Percentage of dual-tire axle load that an axle with 
single tires can carry for equivalent fatigue life (6-in. asphalt 
concrete pavement) . 
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axle load and have an equivalent destructive effect 
in fatigue, whereas an axle with 12-.in. wide tires 
on a 3-in. asphalt pavement section should be able 
to carry 62 percent of a dual-tire axle load. Fig­
ure 14 shows these points connected with a straight 
line on a plot of the equivalency relationships de- • 
veloped for single versus dual tires on a 3-in. 
pavement. The line appeared to fall midway between 
the single ~na d o uhle circle lin@s. Therefore, an 
average relationship was · developed between the sin­
gle methods and the double-circle method. 

The results shown in Fi gure 15 indicate that the 
average single-tire to dual-tire equivalency is 
close to the equivalency developed using available 
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field data. For this reason, it was decided to use 
an average between the single-circle and double­
circle equivalencies for all three pavement sec­
tions. These are shown in Figure 16. Admittedly, 
there is little data to support the use of the aver­
age relationship; and field studies will be under­
taken to improve this relationship. These studies 
will include measurements of deflections under axles 
with single and dual tires using extensometers in­
stalled in the pavement structure. 

The fatigue curves for dual tires and the equiva­
lency relationships in Figure 16 were used to de­
velop equivalent wheel-load factors for 10-, 12-, 
14-, 16-, and 18-in. wide tires on flexible asphalt 
concrete pavement (ACP) sections with approximate 
AASHTO structural numbers of 2, 4, and 6. The 
equivalency factors were calculated using the rela­
tionship in Equation 3. The equivalency factors for 
a pavement section with an SN of 4 are given in 
Table 2. 

CONCLUSIONS 

Load equivalency relationships have been developed 
that can be used to determine the effects of axle 
loads, with various widths of single tires, on both 
rigid and flexible pavements. These relationships 
can be used to evaluate regulations relating to tire 
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Table 2. Traffic equivalence factors for single axles with single tires, 
asphalt concrete pavement, and SN = 4. 

Equivalent J 8-kip Dual-Tire , Single-Axle Loads 

Axle Single Tire Width 
Load 
(kips) 10 in. 12 in . 14 in. 16 in . 

10 0.6309 0.4790 0 .3731 0 .2969 
]2 1.0286 0.7809 0.6082 0.4840 
14 J .5549 J.J 805 0.9195 0 .73] 7 
16 2.2243 1.6887 J.3153 J.0466 
18 3.0502 2.3] 57 J .8038 l .4353 
20 4.0458 3.0715 2.3925 I .9038 
22 5.2237 3.9658 3.0891 2.4580 
24 6.5962 5 ,0077 3.9007 3.1038 
26 8.1750 6.2064 4.8343 3.8468 
28 9.9718 7 .5705 5 .8969 4.6923 
30 I 1.9979 9.1087 7.0951 5.6457 
32 14.2643 10.8293 8.4353 6.7121 
34 16.7818 12 ,7406 9.9241 7 .8968 
36 19.5610 14.8505 11.5675 9.2045 
38 22.6123 17.1670 13 .3719 10.6403 
40 25 .9458 19.6978 15 .3432 12.2089 

Note: SN == 4 represents 5 to 8 in. of ACP over aggregate base. 
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18 in . 

0.24050 
0.39210 
0_59277 
0.84793 
I. I 6279 
1.54232 
1.99136 
2.51455 
3.11643 
3.80141 
4.57379 
5.43778 
6.39749 
7.45695 
8.62014 
9.89093 

width and axle loading configurations. They also 
permit conversion of mixed traffic, including axles 
with single tires, to equivalent 18-kip dual-tire, 
single-axle load applications for use in pavement 
design and evaluation. 

A summary of size and weight limits published by 
the American Trucking Associations (14) indicate 
that at least 24 · states have regulatio-;;; that con­
trol maximum tire loads. Ten additional states have 
regulations that limit the load 6n axles with single 
tires. Of the states having regulations limiting 
the maximum tire load, 19 permit tire loads in ex­
cess of 550 lb/in. of tire width. This includes six 
states that permit tire loads of 800 lb/in. of 
width. The relative effects of single versus dual 
tires on pavement performance were compared with the 
regulations for maximum tire loads. 
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This comparison for a 20,000 lb dual-tire a xle 
load is shown in Figure 17. The comparison supports 
the requirement of 550 lb/in. of tire width. How­
ever, tire loads above 550 lb/ in. of tire width are 
not supported. For example an axle with 14-in. sin­
gle tires on a 9-in. concrete pavement with a sub­
grade Ku 100 can carry approximately 82 percent of 
a dual-tire axle load or a maximum of 16,400 lb for 
an equivalent fatigue life, whereas regulations 
permitting 660 lb/in. of tire width would allow an 
axle load of 18,400 lb and regulations permitting 
800 lb/ in. of tire width would allow the maximum 
20,000 lb axle load. 
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Figure 17. Comparison of the regulatory requirements for 
maximum tire toads with the dual and single tire relationships 
for equivalent fatigue life where the dual tire axle load equals 
20,000 lb. 
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Strain Energy Analysis of 

Pavement Designs for H P.~vv Trnrlt-~ --------. J ..._ ... ~ ......... ....._I..J 

HERBERT F. SOUTHGATE, ROBERT c;. DEEN, AND JESSE G. MAYES 

Classical concepts of work, or strain energy, as applied to the analysis of 
stresses, strains, and deflections under various vehicular load configurations 
on pavement systems are summarized and controlling equations for strain 
energy density are presented. When considering strain energy density, strain 
energy, or work, all components of stresses or strains must be taken into ac­
count so that total internal behavior can be evaluated. Previously, pavement 
thickness design systems have been developed using only one component of 
strain, typically at the bottom of the asphaltic concrete layer or at the top of 
the subgrade. Strain energy concepts permit modifications to thickness de-
sign systems to account for the net effect of all components of strains or stresses . 
Effo~t!; cf !c~d~ J:-:d d::;t~·:hutlc :~ cf !ouclii Vii wchi.:;:cii u1c ;;umma1i:c:ccl. Oiic 
startling result shows the large increase in fatigue rate due to unequal distribu­
tion of loads between the two axles of a tandem group relative to the fatigue 
rate caused by an equal load distribution. Damage factors and pavement thick­
ness designs for heavily loaded trucks exceeding legal load limits are also dis­
cussed. The effects of those vehicles on Interstate pavements are compared to 
the effects of more normally loaded vehicles. 

The work done by a force when its point of applica­
tion is displaced is the product of that force (par­
allel to the direction of movement) and the di s ­
placement. When work is done on some systems, the 
internal geometry is altered in such a way that 
there is a potential to give back work when the 
force is removed, and the system returns to its 
original configuration. This stored energy is de­
fined as strain ene r gy. Strain energy per unit 
volume at a given point in the body is t.he st;rain 
energy density at that point. 

STRAIN ENERGY 

Strain energy density is a function of Young's mod­
ulus of elasticity and Poisson's ratio of the mate­
rial and the nine strain (or stress) components; 
however, it is independent of the coordinate system. 
Stress and strain components, referenced to a local 
cylindrical coordinate system, for each load are 
calculated by the Chevron program (l) • The clas­
sical equation for strain energy density derived by 
Sokolnikoff (] ) is as follows: 

W = L L [(I/2) AV eii + G ei{ij) 

(1) 

where 

W strain energy density (or energy of deforma­
tion per unit volume); 

E 

u 
>. 

i,jth component of the strain tensor; 
E/[2(1 + ull, the modulus of rigidity (or 
the shear modulus); 
Young's modulus; 
Poisson's ratio; 
Eu/[(1 + u) (1 - 2u)l: and 

V = Ell+ £22 + 33• 

Strain energy density may be calculated using stress 
components by the equation 

2 2 2 ) [(I + µ)/E) (a 12 + a 23 + a 31 (2) 

where 

~ 011 + 022 + 033 anu 
crij i,jth component of the stress tensor. 

Inspection of Equation 1 shows that the term 
E/ [2(1 + ~)] is contained by me ans of the terms 
>. and G. Also, it is noted that the strain com­
ponents are squared. Having calculated .strain 
PnPrgy rlPMS.ity, wnrk ~+-r~i" (]) m ::::t ~, ho """-h+- ~1" c ~ fr-err. 

e = (2 W/E)°.5 w (3) 

where Ew is work strain. 
stress is given by E£w· 

The associated work 

Interpretations of Work Strain 

Adrriittedly. wor k strain is not ::::1 +-rnc c-+-..- ::d" hor,::::1nc- 0 

Poisson's ratio has not been eliminated before tak­
ing th e square root; however, it is of the same 
order of magnitude as any of the strain components. 
Calculating the work strain is a minor effort be­
cause all terms of the equations are either required 
input to, or calculated output of, the Chevron N­
layer (1,4) program. Work strain is also the com­
posite, -o~ net effect, of all strain components and 
thus is an indicator of the total strain behavior. 
Figure 1 shows that there is a direct correlation 
between a strain component and work strain. 

Uses for Work Strain 

Some thickness design systems for flexible pavements 
are based partly on tensile strain criteria at the 
bottom of the asphaltic concrete layer. Kentucky's 
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proposed system (2_-2) is based in part on the tan­
gential strain component. The tange ntial component 
is generally the largest in magnitude, but the ra­
dial component often is nearly as large. Only the 
tangential component has been used because labora­
tory test data yield one component of tensile 
strain. The net effect of all components of strain 
(work strain) can be correlated with any component 
of strain. Thus, design s y stems based on one com­
ponent of strain may be converted to a design sys tem 
that uses the net effect of all component strains. 
The load-damage factor relationships presented in 
this paper are based on work strain. All comments 
concerning component strains also apply to component 
stresses. 

Fatigue Concepts 

The equivale nt axle load (or EAL) approach converts 
all axle load weights that pass over a pavement 
during its design life to some reference axle load. 
The reference axle load weight selected in Kentucky 
was 80 kN (18,000 lb). Any axle l o ad could have 
been selected, and the change from one axle load 
reference to another should not change the results 
of a design system. The 80-kN (18,000-lb) axle load 
was probably selected because it represented, at the 
time the EAL concept was developed, the typical 
legal axle load limit recognized in many states. 
The 80-kN (18,000-lb) axle load was also the r e fer­
ence used at the AASHO Road Test in the early 1960s. 

The passage of one 80-kN (18,000-lb) axle load 
results in the application of one EAL. An 89-kN 
(20, 000-lb) axle load is equivalent t o applying 1. 7 
EALs: the 89-kN (20,000-lb) axle load would cause 
1. 7 times the damag e to the pavement as would one 
80-kN (18,000-lb) axle load. The EAL for a given 
group of axles, thus, repres ents the damage factor 
(load equivalency) for that particular group. 

Figure 2 illustrates how the damage factor for 
selected axle groups varies with increasing loads on 

TOTAL GROUP LOAD, KIPS 

10 2 o;---.....a,10;._ ___ • ... o;..._ __ ...:6,c:o ___ ;::,eo;:;._ _ _ ...:•-.co.::.o _ _ ....:..:•2,..::o;..._ _ __:1..:.•o 
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Figure 2. Variation of damage factor for selected axle groups as load on axle 
group is changed, 
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those groups. The load-damage factor relationships 
shown in Figure 2 were developed from analyses using 
the Chevron N-layer computer program, which is based 
on elastic theory. Pavements analyzed were the 
hundred possible combinations of thicknesses, of 
which 67 were built and tested, at the AASHO Road 
Test. The tire loads and axle spacings were thos e 
used on the test vehicles at the AASHO Road Test. 
The load-damage factor relationship is expressed by 

DF = 10[• + b (log Load) + c (log Load)2) 

where 

DF 
a,b,c 

damage factor and 
coefficients by regression analyses. 

(4) 

Table 1 gives the numerical values for the coeffi­
cients in Equation 4 for each axle configuration. 
The coefficients have been published previously (_!!) 
for the two- and four-tired single axle and eight­
tired tandem axle groups. 

Table 1. Regression coefficients to calculate damage factors 
for various axle configurations . 

Los (Damage Factor)••+ b (Los Load)+ c [Log Load) 2 

COEFFICIENTS 

AXLE CONFIGURATION I b C 

Two-Tued Single 
Front Axle -3.540112 2.728860 0.289133 

Four-Tired Single 
Rear Axle -3.439501 0.423747 1.846657 

Eight-Tired 
Tandem Axle -2.979479 -1.265144 2.007989 

Twelve-Tired 
Tridem Axle -2.740987 -l .973428 l.964442 

Sixteen-Tired 
Quad Axle -2.589482 -2.224981 1.923512 

Twenty-Tired 
Quint Axle -2.264324 -2 .666882 1.937472 

Twenty-Four Ti.red 
Sextet Axle -2.084883 -2.900445 1.913994 

Figure 3 shows how the damage factor increases 
due to an increasing difference of load distribution 
between the axles of a tandom group. The signifi­
cance of unevenly distributed loads between the two 
axles of a tandem is indicated by an examination of 
individual axle loads for 335 vehicles of the 3S2 
(five-axle semitrailer) configuration listed in the 
1976 W6 tables for Kentucky. Appropriate damage 
factors were applied to those individual axle loads • 
Figure 4 shows the large difference between uniform 
and nonuniform load distributions using factors from 
Figure 2 and those adjusted by Figure 3 for nonuni­
form load distributions. AASHTO (9) damage factors 
also were applied to the same vehi;ie loads. Figure 
4 shows that there is very little difference in the 
summation of EALs based on AASHTO damage factors and 
the energy-based factors adjusted for nonuniform 
loading. 

For PxamplP, it has been found that only about 10 
percent of the tandem axle groups observed in Ken­
tucky have loads uniformly distributed between the 
two axles. Analyses indicate that the nonuniform 
distribution between the axles in a tandem group can 
account for as much as a 40-percent increase in the 
damage to a pavement. The difference between the 
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axles exceeded B. 9 kN (2,000 lb) 
tandems on semi trailers and two 
tractors. The use of floating 

for three of 10 
of 10 tandems on 

axles also may be 
undesirable unless a means is found to ensure that 
the tloating axle carries its proper share of the 
load. It has been observed that loads carried by 
floating third axles may vary from a low portion of 
the total load, providing little benefit from the 
additional axle and shifting the additional load to 
the two remaining axles in the group, to an unduly 
large percentage of the load. Both conditions in­
crease the damage significantly over the situation 
where the load is distributed uniformly among all 
axl~.!1 • 

Experience indicates that the elastic theory and 
work concept used in Kentucky predict reliably the 
number of EALs a given pavement system can support 
in its lifetime. Conversely, it is possible to 
design a pavement that will adequately resist the 
damage of a specified number of EALs. However, the 
I:Jrublem uf predicting the rate at which EA.Ls will 
accumulate remains. This involves estimating the 
numbers and types of vehicles that will use a sec­
tion of highway as much as 30 years in advance. To 
illustrate the problem, a section of KY 15 was de­
signed to carry a given number of EALs. The pave­
ment, however, failed after only B months. Analyses 
showed that the pavement did carry the EALs for 
which it was designed. Unfortunately, the opening 
cf a coal producing operation that created 
volume of heavy traffic was not foreseen, 
rate of accumulating EALs was underestimated. 

HEAVY LOAD DESIGN 

- ,_ ..! _,_ 
d 11.L.tJU-

and the 

In almost any state, some commodity is transported 
on overloaded trucks. Coal and limestone are two 
such commodities in Kentucky. In other states, 
industries that generate overloaded trucks might be 
logging, pulp wood, minerals, ores, grains, or other 
agricultural products. Many county roads in Illi­
nois, for example, lead to a grain elevator and have 
only one paved lane. Typical gross loads are given 
in Table 2 for three truck configurations in Ken­
tucky coal fields. Table 2 also gives the corre­
sponding damage factors obtained from Figure 2. 
Classification counts in 1981 on one of the main 
coal-haul non-Interstate routes were used to obtain 
the percentages of the three configurations. Note 
that the 3S3 can carry 111 kN (25,000 lb) more than 
the 3S2, yet the 3S3 produces slightly less total 
damage per trip. 

Table 3 gives only the design EALs for the three 
truck configurations of Table 2. Two of the thick­
ness design charts contained in l.11~ proposed Ken-

Table 2. Damage factors for typical heavily loaded truck configurations . 

FRONT AXLE TANDEM TRIDEM NUMBER TOTAL 
GROSS TOTAL OF TRUCKS DAMAGE 
LOAD LOAD DAMAGE LOAD DAMAGE LOAD DAMAGE DAMAGE PER 100 PER 100 

CONFIGURATION (kips) (kips) FACTOR (kips) FACTOR (kips) FACTOR PER TRIP TRUCKS TRUCKS 

Single Unit 
Three-AxJe Dump 96 20 3.2 76 57.0 60.2 25 I.SOS 

Five-Axle 
Semi-Trailer 2@ 2@ 
3S2 115 15 I.IS 50 4.65 10.5 70 732 

Six-Axle 
Semi-Tr.ailer 
3S3 140 15 I.I 5 so 4.65 1.S 4.50 10.3 s __ s1_ 

Total EALs 2,288 

i3 

... 
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Table 3. Pavement thickness designs for heavily loaded trucks. 

NUMBER DESIGN DESIGN TIIlCKNESS 
OF TRUCKS DESIGN EALs (in.) 

PER DAY YEARS P1=3.5 Stm AC' 100% AC" 

100 617,760 
3,088,800 18.2 11.8 

10 6,177,600 20.1 13.1 
20 12,3SS,200 22.1 14.S 

200 1,235,520 
6,177,600 20.1 13.1 

10 12,355,200 22.1 14.S 
20 24,710,400 24.2 15.8 

Assumptions: 8 50 percent - haH of pavement thick-
Swidays • 52 is asphaltic concrete, half is unbound 
Holidays . 8 granular base 

Bad Weather . 5 •100 percent - fuU-depth asphaltic 
concrete 

Total Non-work = 65 
Working days per year = 365 . 65 = 300 

tucky thickness design system (6) are shown in Fig­
ures 5 and 6. Assuming a design CBR of 5.2, which 
is typical for many Kentucky soils and is the same 
soil used at the AASHO Road Test, the required 
thicknesses are given in Table 3 for the various 
combinations of truck volumes and design periods. 
Kentucky assigns a terminal serviceability of 3.5 
for pavements expected to support 4 million or more 
80-kN (18,000-lb) EALs in the design life. 

28 
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17 

Comparison with .Interstate Tr.affk 

Interstate traffic is a mixture of loaded and empty 
trucks, as reflected by loadometer studies. Average 
damage factors (_2,_&) were calculated and applied to 
eight classification counts made in 1981 at two 
locations. The volume of truck traffic was 28. 3 
percent on I-65 and 39.0 percent on I-71. However, 
the number of trucks was nearly the same on each 
route and almost identical regardless of which 
quarter of the year the count was made. Thus, truck 
traffic was fairly constant. Table 4 shows that the 
daily and annual EALs for these two routes were 
nearly the same. The data in Table 3 indicate that 
approximately 200 heavily loaded trucks per day can 
cause the same fatigue as all trucks using I-65 or 
I-71. 

A second comparison was made on the basis of net 
tonnage and the associated accumulation or fatigue. 
Table 5 gives the tare weight for typical vehicles 
for both the heavily loaded trucks and those nor­
mally found on Interstates and other routes. This 
permits a theoretical comparison of net tonnage 
hauled by the two groups of vehicles. The following 
assumptions were made: 

1. The number of trucks was taken from I-65 data 
in Table 4 for the corresponding classifications in 
Table 2. This represents typical use on Interstates. 

2. The remainder of the traffic stream would be 
constant for both comparisons and therefore are not 
included in this example problem. 
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Figure 6. Thickness design curves for pavement structures where 100 percent of the total pavement thickness is asphaltic concrete. 

3. Each axle group is loaded to the legal maxi­
mum. 

4. For an Interstate, 365 days are assumed for 
EAL calculations because truck traffic does not 
appear to vary significantly on any given day. 
However, for coal or similar commodities, there are 
market slumps and bad-weather days that reduce the 
total number of working days to approximately 300. 

The following methodology was used to calculate 
the net loads: 

1. Legally loaded trucks for the three classifi­
cations reported for I-65 were used to calculate the 
fatigue for 1 year. The fatigue for 1 year for 100 
heavily loaded trucks also was calculated. The 
ratio of the two fatigue calculations multiplied by 
the original 100 heavily loaded trucks produces the 
total number of heavily loaded trucks required to 
produce the same fatigue as the trucks reported on 
I-65. 

2. For each classification of legally loaded 
trucks, the number of trucks per day were multiplied 

Table 4. Vehicle classification counts and corresponding EAL for two sites.on Kentucky Interstates. 

SINGU! UNIT TRUCKS SEMI-TRAILER TRUCKS 

AUTOS& 1WOAXLES 1WOAXL£S TIIREE FOUR nlREE FOUR FIVE SIX 
AVERAGE PICKUPS FOUR TIRES SIXTIRES AXLES AXLES AXLES AXLES AXLES AXLES 1'01'.AL 
DAMAGE 
PACTOR O.OSOI 0.0605 0.2953 0.6386 0.6386 0.6353 0.7514 0 .6267 0.6000 

VOLUME: TOTAL OF FOUR DAILY COUNTS 

1-65 51,026 52 2,435 272 IS 266 1,442 15,319 67 70,894 
1-71 32,392 356 2,015 426 137 372 945 IS ,889 1'0 52,682 

EAL, 

1-65 2,556.4 3.1 719.1 173.1 9.6 169.0 1,083.5 9,600.4 40.2 14,355.0 
Average 3,588.8' 

(.71 1,622.8 21.S 595.0 272.0 87.S 236.3 710.0 9,957.6 99.6 13,602.6 
Average 3,400.6. 

•Annual EAL for 1·6S • 365 x J,588.IJ: 1,309,895. 

bAnnu1l EAL ror 1·71 • 365 x 3,400.6 =-1,241,235, 

.. 
:; 
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Table 5. Gross, empty, and net weights of selected vehicle configurations. 

NORMAL TRUCKS HEAVILY WADED TRUCKS 

EMPTY GROSS NET DAMAGE EMPTY GROSS NET DAMAGE 
WEIGIIT WE!GIIT WEIGHT FACTOR WEIGHT WEIGIIT WEIGIJT FACTOR 

CLASSIFICATION (kips) (kips) (kips) 

Three, Axle 
Single-Unit 20 46 26 

Five-Axle 
Semi-Tr.ailer 30 80 50 

Six-Axle 
Semi-Trailer 32 % 64 

3Di Hcrenl from empl} weight of nnrmall~ loaded truck~. 

by the net load and accumulated; The product of the 
number of heavily loaded trucks and their net loads 
was also calculated. 

3. The total net load per day for the legally 
loaded trucks was divided by the total net load for 
the heavily loaded trucks. 

For the same fatigue, calculations shown in Fig­
ure 7 indicate that the number of heavily loaded 
trucks is approximately 10 percent of the number of 
legally loaded trucks. Furthermore legally loaded 
trucks would transport approximately 7. 7 times more 
payload than would the heavily loaded trucks with 
only about one-fourth (1/3.72 from Figure 7) of the 
fatigue damage. 

Net Total Net 
Number Weight' Weight 

Classification or Trucks (kips) (kips) 

Normally Loaded Trucksb (per day rOr 365 days per year) 

Three-axle 
single unit 68 26 1,768 

Five-axle 
semitrailer 3,830 50 191,500 

Six-axle 
semitrailer _ 1_1 64 ~ 

Total 3,9) 5 194,356 

Heavily loaded trucks (per day for 300 days per year) 

Three-axle 
single-unit 25 66 

Five-axle 
semi I railer 70 85 

Six-axle 
semitrailer ....2 106 

Total 100 

Average 
Damage 
Factor• 

I 18 

1.80 

I 74 

EAL per year 

60.2 

10.45 

JO.JO 

EAL per year 

Ratio or EAL = :::~:
1
; !/~~,: · = \\~:

4 
= J .72 for equivalent ratigue damage 

Number o r heavy truds 

J ,7'.!x25= 93 ,J 
3 .72x70= 260 7 
J .72 X 5 = .1Q.l 

Total 374 5 

66 
85 

106 

6,145 
22,159 
...lJ.2..4 
30,498 

Ratio or m~t load = t~.!~.!L _ ~ 356 x 3il = 7 . 7 
hoovlly l<>Jdrd - 30,498 x J OO 

8fro m Table S bDail y volume : o ne- rourth o r volume~ in Table 4 

Total 
EAL 

80,24 

6,894 

~ 
7 ,003,82 

~ 
2,556,394, 

1,505 

731 ,5 

--21.J 
2,288,0 

~ 
686,400 

Figure 7. Sample calculation sheet to compare fatigue and payloads. 

Deteclucalion of Pavements 

Many Kentucky pavements have been subjected to 
heavily loaded vehicles. Some observations of the 
effect on pavements are given in the following para­
graphs. 

PER TRIP (kips) (kips) (kips) PER TRIP 

1.18 

I.BO 

1.74 

30' 96 66 60,2 

JO 11 5 85 10.45 

34 140 106 10.30 

Pavements designed for light to medium traffic 
will deteriorate rapidly under heavy loads, and the 
paved surface of a rural secondary road may be 
broken up and even disappear in 1 to 2 years. Dur­
ing construction of 11 km (7 miles) of KY 15, two 
unanticipated strip mine operations were opened. 
Eight months later, a 102-mm ( 4-in.) asphal tic con­
crete overlay was placed to eliminate severe rut­
ting and some cracking. The overlay was required 
and laid before the official opening of the new 
construction to traffic. 

On an experimental full-depth asphal tic concrete 
pavement with cross sections ranging from 254 to 457 
mm (10 to 18 in.), cold weather temperature cracking 
was observed in the passing lane. Those transverse 
cracks were 1. 2 to 1. 8 m ( 4 to 6 ft) apart in some 
areas. The cracks were evident in the outer lane 
only at the outer and centerline paint stripes. 
Evidently, the heavily _loaded trucks kneaded the 
pavement surface together. It is not known whether 
the cracks extend below the surface layer. 

On a 432-mm (17-in.) full-depth asphaltic con­
crete pavement on the Daniel Boone Parkway, there ~s 
a long steep grade that shows progressively deeper 
rutting as the top of the hill is approached. The 
change in rutting was pronounced and occurred over a 
fairly short length where drivers downshift into a 
lower gear. The amount of rutting then remained 
relatively constant over a considerable distance. 
When the driver shifted to an even lower gear, 
another significant increase in rutting occurred and 
remained constant over a considerable length. The 
lengths of constant rutting decreased as the truck 
approached the top of the hill. Rutting varied from 
6.4 mm (0.25 in.) at the bottom of the grade to 76 
mm (3 in.) at the top of the hill. Two experiments 
were conducted to help understand the cause of the 
rutting. 

First, a full-depth trench was excavated across 
the climbing lane containing the severe rutting. 
Inspection of the cross section showed that rutting 
occurred only in the top 152 mm (6 in.) and all 
construction interfaces below the 152-mm (6-in.) 
depth were parallel and straight. Above 152 mm (6 
in.) construction interfaces were undulating and 
layer thicknesses varied due to differential densi­
f ication under traffic. Also in the upper layers, 
the normally random orientation of aggregate par­
ticles was totally reoriented so that the particles 
were parallel to each other. 

The second experiment consisted of making two 
shallow saw cuts across the lane. One was perpen­
diculor to the centerline, and the other was on a 45 
degree angle with the lower end of the cut at the 
shoulder. Both cuts were filled with small-diameter 
glass beads used in highway paint stripping. Four 
weeks later these cuts were inspected. Both cuts in 
both wheel track areas had been displaced downgrade 
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by 16 mm (0.6 in.). Thus, the high torque at the 
tire pavement interface caused a downward flow of 
the surface mix. The lack of stability of the bitu­
minous mixture was determined to be caused primarily 
by u 3.::-,ft gLadc vf aophaltic c1::u,erlt. tt11 vvt:ilcty 
with a stiffer grade of asphaltic cement was placed. 

SUMMARY 

Pavements can be designed for heavily loaded trucks, 
but the rate of accumulating fatigue is greatly ac­
celerated. The accumulation of fatigue for heavy 
trucks is highly disproportionate to the amount of 
payload Lt:~nspot:Led. Foi: Ll,e """"' faligue ""u <1S­

sumed proportions of trucks, the number of trucks 
loaded to the legal maximum axle loads is approxi­
mately 10 times the number of heavily loaded trucks. 
For the same fatigue, legally loaded trucks can 
transport approximately 8. 2 times more payload than 
can heavily loaded trucks. 

deteriorate rapidly and severely when subjected to 
heavily loaded trucks. Observed deterioration 
varies from accelerated rutting, both in depth and 
time, to severe breakup of the paved surface. 
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Pavement Analysis for Heavy Hauls in Washington State 
RONALD L. TERREL AND JOE P. MAHONEY 

An evaluation of the haul routes associated with moving heavy nuclear power 
plant components over existing state and county roads is described. These 
routes were associated with the planned construction of the power plants at 
Satsop (southwestern Washington state) and Sedro Wooley (northwestern 
Washington state). The procedures for evaluating the proposed moves are 
provided and include descriptions of the field and laboratory tests and analyt­
ical techniques. Ultimately, the haul routes analyzed were not used. 

In recent years construction of nuclear power plants 
instigated analyses of the feasibility of using ex­
isting highways for hauling very large and heavy ma­
chinery. These hauls require special tractors and 
trailers to accommodate the machinery as well as to 
spread the load to minimize damage to pavements and 
bridges. 

A special permit is required by those who perform 
the heavy hauling. For modestly oversize or over­
weight vehicles, obtaining a permit is somewhat rou­
tine as long as local requirements of wheel load and 

spacing are met, and the fee is usually nominal. 
Very heavy loads, however, require considerably more 
analysis to assess potential damage to the existing 
facilities, and the fee is commensurate with the ex­
pected cost to repair the damage. 

Plans for constructing two nuclear power plants 
in Washington State instigated pavement analysis for 
the purpose of obtaining permits. Each plant had a 
different owner, and each owner was required to back 
up the application with an analysis of the signifi­
cant damage that would be incurred, if any. For one 
project, Skagit, the supplier of the reactor equip­
ment was required by the plant owner to deliver the 
equipment to the job site, so the supplier arranged 
for a consultant to evaluate the proposed route. 
The consultant's report was, in turn, presented to 
the Washington State Department of Transportation 
(WSOOT). For the other project, Satsop, the plant 
owner requested that the pavement evaluation be made 
by WSDOT, but be paid for by the plant. 
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The proposed routes were evaluated to determine 
expected immediate damage (during hauling) as well 
as reduced service life. In addition the alterna­
tives of improving the roadway before hauling or 
making repairs after hauling were considered. 

Each project is treated as a separate case his­
tory. Figure l shows the general location of the 
projects. In each case the projected route covered 
local (county) and state highways. The primary 
analysis was for the main highway. Unsurfaced local 
roads or new access roads were considered separately 
and were treated as expected reconstructions to meet 
load and geometry requirements. 

*Sedro l·!o 11 ey 

Figure 1. Site map for nuclear power plant component haul locations. 

Ultimately, the proposed haul routes were not 
used. An alternate route was constructed for the 
Satsop plant because of right-of-way acquisition 
problems and the other project was cancelled. 

CASE 1, SATSOP NUCLEAR POWER PLANT 

The Satsop plant is located near Elma, Washington, 
west of Olympia on us-12. The route to be investi­
gated was about 12 miles along us-12. The data and 
other information used in evaluating US-12 for the 
planned heavy hauls were from two primary sources. 

The first source was field studies conducted by 
WSDOT and included the following: 

1. Benkelman beam deflection survey; 
2. Soil borings, samples of granular materials, 

and cores of asphalt concrete pavement (ACP) and ce­
ment treated base (CTB) pavement; and 

3. Plate bearing tests. 

Test samples including soil borings, granular base 
and fill samples, and ACP and CTB cores were ob­
tained during January 1979. The Benkelman beam de­
flection survey data were used in selecting test 
sampling locations. Plate bearing tests performed 
during April 1979 completed the WSDOT field stud­
ies. Additionally, during May 1979 a falling weight 
deflectometer (FWD) was used at selected stations to 
obtain deflection information and estimate modulus 
relationships for the pavement layers. Possible 
pavement distress caused by a slope stability fail­
ure along the proposed haul route wae also analyzed 
by WSDOT personnel. 

The second source of data was developed at the 
University of Washington (UW) Department of Civil 
Engineering pavement materials laboratory in Seat­
tle. The overall goal of the laboratory program was 
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to develop strength parameters for the primary 
structural materials contained in the US-12 cross 
sections and specifically to develop the required 
elastic parameters to enable modeling of the pave­
ment structure as a layered-elastic system. 

Field Testing 

First, a Benkelman beam deflection survey was per­
formed early in the study so that locations could be 
selected for soil boring, disturbed granular sam­
ples, and ACP and CTB coring. The primary reason 
for selecting these test sample locations was high 
pavement surface deflections. It is significant 
that almost all the Benkelman beam recorded surface 
deflections were low (preferable condition). A 
pavement condition survey, which indicated that lit­
tle surface distress was present, also preceded the 
selection of the final boring and coring locations. 

Twenty-four soil bore samples were obtained by 
using a hollow stem auger i the average depth was 
about 22 ft. These borings were used to identify 
the soil types underlying this portion of US-12 as 
well as to obtain standard penetration blow counts 
and undisturbed and disturbed soil samples. Figure 
2 shows the soil types encountered as determined 
from the soil bore samples and the locations where 
core samples were obtained. 

WSDOT personnel obtained plate bearing test data 
at selected US-12 locations using both the 12-in. 
and 24-in. diameter steel plates. Table 1 gives the 
maximum measured deflection for each of the two 
plates and the corresponding maximum load. Deflec­
tions range from a low of 0.005 in. to a maximum of 
0.1 in. The lower deflections occurred at stations 
584-00 and 602+00. These stations contain 6-in. 
thick CTB layers overlaid by 3 in. of ACP. Because 
of the stiffness of the CTB layer, deflections were 
low when compared to the other locations (stations 
173+25 to 453+60). The principal structural layer 
for these other stations is 9-in. of ACP. The vari­
ability of these data is indicated by some of the 
significant differences that occurred between the 
measured deflections at the same station for the 
outer wheel path (OWP) and the between wheel path 
(BWP) test locations (a transverse distance of ap­
proximately 3 ft). 

Laboratory Testing 

Samples from the field exploration phase of the 
study were tested by the WSDOT Materials Division 
and the UW Department of Civil Engineering pavement 
materials laboratory. Most of the tests performed 
can be categorized for three material groups: ACP 
cores, CTB cores, and granular materials. A few un­
disturbed subgrade soil bore samples were also pro­
vided but these samples were not incorporated into 
the laboratory testing program because of the com­
plex nature of the soil profile and the stress sen­
sitivity of the resilient modulus for these mate­
rials. 

The following sections describe the kinds of 
tests and results for the three material groups 
studied. 

ACP Cores 

Figure 3 shows the testing sequence for selected ACP 
cores. The two primary material characterization 
tests were resilient modulus and Marshall stability 
and tlow. Typical results are ~howu in Figure 4 and 
Table 2. 

CTB Cores 

Only two CTB samples were obtained and both of these 



22 Transportation Research Record 949 

o.no 
'-i'~'-i' ,._..,,._ ..,,._,._ -.- -

~ 
0 
N 
N 

0 
0 
+ 
"' 0 .., 

f 1 

.,,.· - -::r::-~----r;---~--.-::: __ 1-/---f---- ____ / __ _ 
;, _.,.,, _ _ Misc. Silt, Mi sc . Silt.Sn~ - -

\ _ Sand or Gravel or uravel 

-~/ Fill ~aterial - Medium to Pavement 

00 

'-i''-i' 
a,o 
o­...... • 

Loose Silt , Sand Medium Silt with Very Dense, Silt. Sand, Structure 
with Orp~nlc and Organic and Peat Gravel and Cobbles 
Peat 

0 

'f .., 
"' ... 
---- - -

0 

~ ... 
"' 

0 
0 

t, 
"' ,n • 

-- -----

0 

'-i' .., 
N 

"' 

------ -- - - - - · ---- -- , Hise. Silt, ", 

~ i:::.r~Y- ---~:--. -:~~.-.... ::.:--

------­_ .. 

•ACP Core Local ions Soft to Medium Clay, Very Lnnse l" = 2500' Horizontal 
to Luose Silt, Sill with Or~anic 
and Pea L 

Figure 2. Generalized soil profile of proposed US-12 haul route. 

Table 1. Summary of plate bearing tests for US-12. 

12·in. Dia. Plate 24-i n. Dia. Plate 

Station• Max. Deflect ion Max. Load Pavement Max. Oeflect1on Max. Load Pavement 

0 

'-i' ,._ .., 
"' 

(in.) (lbs.) Temperature (in.) (lbs.) Temperature 

173+25 (OWP)' 0.033 

173+25 (BWP)' 0.077 

202+00 (OWP) 0.032 

202+00 (OWP) 0.044 

3~1•50 (OWP) 0.0BO 

341>50 (OWP) 0.054 

40Bt00 (OWP) -
408+00 (BWP) 0.051 

453+60 (OWP) 0.084 

453+60 (OWP) -
504+00 (OWP) 0.006 

584+00 (BWP) 0.012 

602+GO (OWP) 0.006 

602+50 (BWP) 0.012 

Note: Data provided by WSDOT. 

a AU measurements made in eastbound outside lane. 

bOutside wheel path . 

cBetween wheel paths. 

Determine 
ACP Cores Bulk 

for Selected I- Specific -
Sites Gravity 

ASTM O 2726 

19,600 

19,600 

19,600 

19,600 

19,600 

19,600 

-
19,600 

19,600 

-
19,600 

41,000 

19,600 

19,600 

Detennine 
Resilient 
Modulus@ 
5°C (41°F), 
25"C (77°F) 
40 °C ( 104 °F) 

and 
0.1 sec 10.,.1 

Duration 

Figure 3. Test sequence for ACP cores from US-12. 

("F) ("F) 

62 0.()~8 27,400 63 

69 0.044 27,400 68 

64 0.016 27,400 64 

72 0 . 047 27,400 69 

BO 0.035 27,400 83 

85 0.036 27,400 87 
. 0.026 39,000 62 

64 - - -
74 . . -
- o. 100 35.200 75 

59 0.005 41,000 58 

57 0.006 37,200 56 

62 0.010 37,200 65 

63 0.006 37,200 60 

Detennine Detennine 
Marsha 11 Maximum Calculate -- Stability am .___ Specific - Air Voids 

Flow Gravity 
ASTM D 1559 ASTM O 2041 
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Figure 4 . Typical resilient modulus (MR) of US-12 ACP cores as a 
function of temperature-station 173+25. 

40 

were from station 563+00. The tests conducted on 
these specimens were resilient modulus and indirect 
tensile strength. The tensile strength ranged from 
320 to 410 psi. 

Granular Materials 

The granular, disturbed materials sampled by WSDOT 
were obtained from the shoulder area of US-12 that 
underlies the relatively thin ACP shoulder surfac­
ing. The samples were placed in canvas bags for de­
livery to the UW laboratory. Two kinds of granular 
samples were obtained: crushed surfacing, top­
course material and gravel fill material that under­
lies much of the us..:12 haul route. This gravel fill 
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material contained some cobbles with sizes in excess 
of 2 in. Figure 5 shows the laboratory sequence 
used to evaluate the granular materials and a par­
tial list of CBR results is given in Table 3. 

Evaluation 

The overall goal of the field and laboratory inves­
tigations of the materials was to obtain by testing, 
or to be able to otherwise estimate, the elastic 
parameters required to model US-12 pavement struc­
tures as a layered-elastic system. This evaluation 
uses the calculated stresses, strains, and deflec­
tions obtained from the layered-elastic modeling and 
applies appropriate limiting values or failure cri­
teria to them. Thus, the potential pavement failure 
or reduction in pavement life attributable to the 
planned hauls can be estimated. 

Modeling the response of the pavement structures 
consists of the following steps : 

1. Select appropriate layered-elastic computer 
program (Chevron N-Layer and BISAR) • 

2. Select pavement structures (cross sections) 
to be evaluated and required material inputs (Figure 
6 shows a typical example). 

3. Determine load configurations (dimensions and 
weights, see Figures 7 and 8) • 

4. Select appropriate limiting values or failure 
criteria for the predicted pavement stresses, 
strains, or deflections. 

s. Predict stresses, strains, and deflections by 
using the layered-elastic computer program (step 1) 
and applying to these results the appropriate limit­
ing value or failure criteria (step 4). 

Load Configurations 

Two types of heavy haul loads are considered in this 
analysis: (a) the two trailers used to carry steam 
generators and the nuclear reactor vessel and (b) 
the prime mover vehicle. Both the trailer and the 
prime mover have unique numbers of wheels and wheel 
loads. To input these loads into a layered-elastic 
computer program, the analysts had to first find the 
critical location and then determine the number of 
wheels needed to distribute the load (see Figures 7 
and 8). 

The loading conditions used in the analysis in­
cluded the following: 

l. Trailer 
a. 5,675-lb wheel load, ACP temperature of 

77°F, 
b. 5,675-lb wheel load, ACP temperature of 

90°F, 

Table 2. Summary of Marshall test results for US-12 ACP cores. 

Sample No , nulk Specific Air Void Marsha 11 Marshall Flow 
Gravity Content (%) Stability (lbs) (0.01 in) 

173-1-1 2.47 4.9 1250 18 
173-1-3 2. 42 7 .o 1025 20 
173-3-2 2. 45 5. 7 1273 n 
173-3-4 2. 43 6.6 1102 16 

202- 1- l 2 .43 8.6 17f;3 19 
2()7-1-3 2. 41 9.5 855 22 
202-3-2 2. 45 7 .8 631 20 
202-3-4 2. 45 7.8 1144 21 

408-1-1 2. 51 3. 6 144'1 25 
408-1-3 2. 50 4.0 1675 16 
408-3-2 2 . 51 3. 6 1904 22 
403-3-4 2.53 2.8 1716 18 

563-2-1 2. 34 3.8 1945 20 
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Granular Gradation Oversized Material Modulus-
Material 

,______. 
ASTM C 117 >---------- Material 2. 5" X 4" 
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Figure 5. Test sequence for granular (loose) samples from US-12. 

Table 3. Summary of CBR results fo r granular matcrials- US-12. 

3.0" 

6.0" 

48.0" 

96.0" 

Sample 
No. 

4 
(Sta. 202+00) 

6 
(Sta. 341+50) 

7 
(Sta. 408+00) 

9 
(Sta. 408+00) 

I 
11 

(Sta . 453+60) 

12 
(Sta. 593+00) 

Station 602+50 

Asphalt Concrete 
(Cl i!SS 8) 

Cement Treated Base 

Very Dense Sand and Gravel 
(Fill) 

Soft to Medium Clay, Very 
Loose to Medium Silt with 
Organic and Peat 

Medium to Very Den se Sand 
and Gravel 

Figure 6. Cross section for station 602+50. 

Dens I tv 
In situ 

146. 3 

146.3 

139.0 

151. 3 

145.2 

143 . 5 

lb/ftJ) 
As Molded 

151. 2 

152. 6 

146 .o 

153. 7 

148.8 

149 . l 

Modulus (psi) 

3, 000 ,000 

5840 g0 · 26 

2,000 

9,000 

c. 7, 000-lb wheel load, ACP temperatures of 
77°F , and 

d. 8, 000-lb wheel load, ACP temperature of 
77°F. 

2. Prime Mover 
a. 84 tons total and 
b. 42 tons total. 

3. Standard Axle 
a. 18,000- lb dual - ti red single axle, ACP 

temperature of 77°F. 

Moisture Content (%) Swell 
In ._,tu As Mnlrlerl (r.) CBR 

7.9 7.8 0 24 

7. 3 7. l 0 100+ 

5. 4 5. 6 0 100+ 

6.8 7.2 0 100+ 

7 .0 7.3 0 100+ 

6. 4 5. 7 0 100+ 

Limiting Values and Failure Criteria 

The results obtained from modeling the US-12 pave­
ment structures to determine the stresses, strains, 
and deflections fo r var i o us loading configu ra tions 
is of little value unless some limiting criteria is 
applied. Such criteria include limiting tensile 
strains tor the ACP, vertical compressive strains in 
the subgrade layers, and tensile stresses and 
str ains in the CTB. (Var i ous , and often sign ifi­
cantly different, values or relationships have been 
developed and reported by others.) 

The limiting values and failure er i ter ia used in 
this analysis fall into the following groups: 

1. Fatigue (Figure 9): tensile strain at the 
bottom of the ACP layer, 

2. Rutting (Figure 10): vertical compressive 
strain at the top of the subgrade layers, and 

3. Strength: tensile strength of CTB layer. 

A limiting value of strength was applied to the CTB 
layers evaluated. Because CTB is a brittle mate­
rial, excessive stress induced by heavy hauls could 
result in cracking and ultimately accelerate deteri­
oration of the overall pavement structure. When 
calculated stress exceeds the CTB indirect tensile 
strength, modifica tions to the applied load or pave ­
ment structure may be appropriate. 
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Figure 9. Fatigue criteria for horizontal tensile strain at the bottom of the ACP layer. 
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Figure 10. Criteria for vertical compressive subgrade strain to minimize rutting. 

Evaluation Results 

The preceding data were used to estimate potential 
damage to the US-12 pavement structures by the orig­
inally planned heavy hauls. The modeled pavement 
cross sections and haul loads were input to the 
BISAR computer program; then the resulting response 
data were compared with appropriate failure criteria 
to estimate pavement damage. Results obtained from 
the BISAR program were summarized for all pavement 
sections, and an example is given in Table 4. 

An examination of estimated repetitions to fail­
ure in Table 5 shows the large differences between 
the fatigue criteria listed. The fatigue criteria 
developed by Kingham and Kallas from the Washington 
State University (WSU) test track are felt to repre­
sent best the US-12 ACP (1). The rutting criteria 
developed for California conditions (Table 6) were 
felt to represent best the US-12 subgrade soil con­
ditions. 

The maximum expected number of wheel load appli­
cations at any point along the proposed US-12 haul 
route would be 144 repetitions for the two trailer 
units (six separate moves and 24 axles for each 
move) and 24 repetitions for the prime movers. By 
dividing the maximum expected repetitions by the al-

lowable repetitions for a specific loading configu­
ration, an approximate estimate was made of the 
pavement life consumed . 

Because a wide range in the fatigue criteria was 
observed, pavement life reductions were calculated 
for all three. The most probable category was as­
signed to the Kingham and Kallas criteria (1), the 
optimistic category to the Finn et al. criteria (2), 
and pessimistic to the ARE, Inc. criteria (3). 
Small percentage reductions in the pavement life ;re 
estimated for the load configurations considered for 
the most probable and optimistic categories (Table 
7). Somewhat larger values are reported for the 
pessimistic category, however, the largest reduction 
(for the 8,000-lb wheel load on the trailer) is less 
than 10 percent. 

Conclusions: Case 1 

1. Subgrade soils along the proposed haul route 
were highly variable in composition and strength. 

2. The existing US-12 pavement structure was 
well constructed and was in good structural condi­
tion. The asphalt concrete and cement treated base 
materials were of good-to-high quality and strength. 

Table 4. Calculated stresses, strains, and surface deflections for trailer with 8,000-lb 
wheel load and ACP temperature of 77°F-station 408+00. 

Stress (psi) Strain (in.fin. x 1 o· 6 ) 

Layer Top or Maximum Maximum 
Layer Thickness Bottom of Vertical Horizontal Horizontal Vertical 
No. (in.)8 Layer Stress Stress Strain Strain 

9.0 Top -100 -237 -485 113 
Bottom -12 190 462 -348 

2 1.8 Top -12 -4 462 -1,114 
3 3.6 
4 24.0 Top -10 -3 464 -1,020 
5 204.0 Top -6 -1 647 -1,430 
6 

Note: Tension(+); Compression(-). 

aPavement Surrace Deflection= 0.192 in. 
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Table 5. Estimated repetitions to failure for various load configurations and fatigue criteria-station 408+00 (!-;!l. 

Estimated Repetitions to Failure 
Maxim1111 

Load Horizontal POMAP Fatigue WSU Test Track' 
Configuration Strain ARE Fatigue Criteriah laboratory Fatigue 

jin/in x 10-6) Criteriaa (Finn et al ,) (Kingham and Kallas) 

Trailer(each wheel): 

~675-lb (ACP 77°F) 341 7730 . 312,610 146,010 

5675- lb (ACP 90°F) 443 2000 132,130 31,370 

7000- lb (ACP 77°F) 413 2880 166,420 47,370 

8000-lb (ACP 77°F) 462 
I 

1610 115,070 24,510 

Prime Mover(total wt.) 

84-ton (ACP 77°F) 532 800 72,330 10,700 

42-ton (ACP 77"F) 309 12,860 432,370 260,550 

Standard Axle : 

18,000-lb (ACP 77"F) 225 66,130 1,228,210 1,681,080 

'Equation : w18 • 9.7255 x 10-5( f i5 · 1
627

· 

"Equation: log Nf(!l0%) • 15 . 947 - 3 .291 log ( ___f_
6 

) - 0.854 log ( ~
3 

). 
10- 10 

' Equation : log Nf • -17 .2278 + 5.87687 log({)+ 0.033594(Temp). 

Table 6. Estimated repetitions to failure for various load configurations and rutting criteria-station 408+00 (!-§.l. 

Maximum Estimated Repetitions to Failure 
Load Vertical 

Configuration Subgrade Strain Shell California Asphalt Institute 
(in/in x 10-6) (Dorman and Metcalf) (Monismith et al.) (Witczak) -

Trailer(each wheel): 

5675-lb (ACP 77"F) -1017 100,000 25,000 >10,000,000 

5675- 1 b (ACP 90" F) -1067 80,000 18,000 >10,000,000 

7000- lb (ACP 77°F) -1258 31,000 7,000 >10,000,000 

8000- lb (ACP 77°F) -1430 16,000 3,000 100,000 

Prime Mover(total wt.): 

84- ton (ACP 77"F) - - - -
42-ton (ACP 77° F) -592 1,700,000 400,000 >10,000,000 

Standard Axle : 

18,000-lb (ACP 77°F) -406 10,000,000 2 .300,000 > 10,000,000 
-

Table 7. Pavement life used by heavy hauls-station 408+o0. 

Pavement Life Consumed (%) 

Load 
Configuration Most Probable' Optimisticb Pessimisticc 

1rat1gue Rutt 1ng tat1gue Rutt mg tat1gue Rutting 
·- -

Trailer (each wheel) : 

5675-lb (ACP 77°F) 0.099 0.576 0.046 - 1.863 -
5675-lb (ACP 90°F) 0.459 0.800 0.109 . 7.200 -
7000-lb (ACP 77°F) 0.304 2.057 0.087 - 5.000 -
8000-lb (ACP 77"F) 0.588 4.800 0.125 - 8.944 -

Prime Mover (total wt. ): 

84-ton (ACP 77°F) 0.224 - 0.033 - 3.000 -
42-ton (ACP 11°r) 0.009 0.006 0.006 - 0.187 -

Standard Axle : 

18,000-lb(ACP 77"F) - - - - - -
8 Kingham and Kallas (l ). 
b -

Finn et at (2 ). 

CARE. Inc. <i >-
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3. The most probable damage to the noncement­
treated base pavement sections (fatigue and rutting 
caused by the 5, 675-lb trailer wheel loads and the 
42-ton prime mover) is expected to be small--less 
Li.au l Lu 2 1=1eLt.:~nt uf available pavemenc life. in­

creasing the trailer wheel loads to 8,000 lb would 
use approximately 5 to 10 percent of the available 
pavement life. An increase in both the wheel loads 
and pavement temperature would produce qr.eater 
losses in pavement life. To illustrate this point, 
an increase of pavement temperature of only 13°F 
(from 77°F to 90°F) for the 5,675-lb trailer wheel 
load indicates that the loss in pavement life can 
increase by II f11ctor of one to 11lmost four ueperu:ling 
on the failure criterion used. 

4. Based on limited data, tensile stresses in 
the CTB layer due to the 5,675-lb trailer wheel 
loads may exceed tensile strength. The possibility 
therefore exists that cracking · of the layer may 
occur. Such cracking would accelerate pavement de-
.._ __ J-.--'-'--. -"C'" ,.3 - ~ '1 ._ J _ _ ._ _ ,,. ,__ .! .. ,~ ..... 
....... ._.._.._..&.W'-.&.'"'11 '""IIU ._...Ll...&.Ulc.L'-,i;:: L.ll.L..LU.LC• 

CASE 2, SKAGIT NUCLEAR PLANT 

This proposed project, which has since been aban­
doned, is located in the northwestern part of Wash­
ington State (Figure 1). Many of the features of 
this analysis are similar to those for Satsop, al­
though the projects were owned by different agencies 
::inn t-ho h ::u,1 ;ng t.,f~a +-n. ho An.?U:lo ... i. ~.;,F,F..,,. .... ,.. .... ,..,...,,p ... -

nies. The plant was to have been near the town of 
Sedro Woolley, and the nuclear reactor vessel and 
other large components would be transported by barge 
up the Skagit River then off-loaded from a barge and 
transferred to a special vehicle consisting of a 
transporter-tractor and two trailer units. This 
heavy hauling unit and the reactor together would 
weigh approximately 3,000,000 lb. 

Specifically, the original objectives of the 
study were 

1. To examine whether heavy hauling on the two 
pavement structures, Fruitdale Road (gravel sur­
faced) and US-20 (ACP surfaced), would cause pave­
ment failure, 

2. To determine relative damage to the pavements 
due to heavy hauling, and 

3. To recommend procedures and necessary precau­
tionary measures or construction either before haul­
ing or afterward. 

The approach used was similar to that for the 
satsop project; therefore, much of the basic mate­
rial data will not be presented. Two different 
types of roadways were included in the route: a 
country road (Fruitdale) and a state highway (US-20). 

Field Investigation 

The field study included the following: 

1. Benkelman beam deflection survey, 
2. Soil borings, 
3. Plate bearing test, and 
4. Falling weight deflectometer study. 

The Benkelman beam deflection survey was per­
formed as a first step early in the study so that 
soil borings, disturbed soil samples, and asphalt 
concrete coring locations could be selected. It was 
significant that almost all recorded surface deflec­
tions were high. Also, preceding the selection of 
the final boring and coring locations, a pavement 
condition survey was made which indicated that the 
two roads, US-20 and especially Fruitdale Road, had 
severe surface distress. 
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Soil samples at various depths and asphalt pave­
ment cores were obtained at selected sites and were 
used to identify the soil type underlying the two 
roads as well as to obtain standard penetration blow 
cvunts a11d tt,atci: ial oampl,::o. EAatt1i11aLiv11 ur i:ll~Ht:= 
data revealed a soil profile that was relatively 
uniform with respect to the kind and strength of the 
various soil layers encountered. Most of the mate­
rials in various layers of Fruitdale Road and US-20 
are sand with varying amounts of gravel and silt. 

All the asphalt core samples obtained were on 
US-20 because Fruitdale Road had only a surface 
treatment layer. All the materials below the AC 
layer obtained wei:e loo>1e, ul>1Lu1ueu >1d111!Jle!!. Wetter 
content and in-place density were also determined 
for materials about 1 to 2 ft below the surface. 

Plate bearing tests were conducted at the loca­
tions that appeared to be critical. The plate bear ­
ing test included the use of 8-, 18-, 24-, and 
30-in. diameter steel plates. Most, if not all, de-
fl~r!tinn ,::r;:,ilnol':'! =at- m~v~mnm p1~+-e. ,,..,!\A~ T.,o.T"o ho.t-~_,..,..o. ..... 

0. 2 to O. 3 in., which indicated the two roads were 
relatively weak. 

Additionally, FWD tests were made at selected 
sites along the Fruitdale Road and US-20 haul route 
to obtain deflection information and estimate moduli 
for the pavement layers. 

Laboratory Testing 

The granular base and subbase for both US-20 and 
Fruitdale Road are similar. In many areas, the sub­
base material is almost the same as the subgrade, 
extending to considerable depth. Disturbed or grab 
samples were received in the laboratory for test­
ing. Both the California Bearing Ratio (CBR) and 
resilient modulus (MR) wei;e measured on laboratory 
compacted specimens. 

These materials were generally uniform throughout 
and consisted primarily of sand with varying amounts 
of gravel and silt. In-place density and water con­
tent were determined. 

Pavement Analysis 

The field and laboratory material investigations 
were used in the pavement analysis performed for 
both US-20 and Fruitdale Road. The · data resulting 
from these investigations were used to estimate the 
elastic parameters required to enable modeling of 
both highways as layered elastic structures. 

By applying appropriate limiting values or fail­
ure criteria to the calculated stresses, strains, or 
deflection resulting from the layered elastic model­
ing, potential pavement failure, or r·eduction in 
pavement life was estimated for various loading con­
ditions. 

The modeling of the response of the uS-20 and 
Fruitdale Road pavement structures required several 
steps and was similar to that done for the Satsop 
project. A typical result of the overall pavement 
characterization effort is shown in Figure 11. 

toad Configurations 

Two types of heavy haul loads are considered in this 
analysis: (a) the two trailers used to carry the 
steam generators and nuclear reactor vessel and (b) 
the prime mover vehicle. 

Trailer 

The trailer system was composed of 12 axle sets of 
16 wheels (192 wheels total). Alternatively, one­
half of the trailer- system could be composed of 14 
axle sets of 16 wheels each (for a total of 224 
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17" 
Ory, dense sand with well-graded, 
rounded gravel 
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trace sand 
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Station 156+86 

Asp ha 1 t Concrete 

sand with Moist, dense, gravelly 
14· 5" considerable silt 

Moist, medium dense, silty sand 
90" 

with some gravel and organics 

78 ' 
Saturated, medium dense sand 

with some silt and organics 

Mo1st, very soft silt with 
some sand 

Stat ion 190+68 

2" Asphalt Concrete 

19
,, Moist, dense sand 

with some gravel 

Moist, hard silt with 
some sand and gravel 

Modulus (psi) 

E • 280,000 psi 

E • 25,000 psi 

E • 3,000 ps1 

E • 3,500 psi 

I Mnrl11lus (psi) 

E • 220,000 psi 

E • 12,000 psi 

E • 4,500 ps1 

E • 3,000 psi 

E • 3,000 psi 

Moduius (psi) 

E • 140,000 psi 

E • 20,000 psi 

E • 19,000 psi 

Figure 11. Typical cross sections and material parameters of various 
stations on SR-20. 

wheels). The configuration was similar to that 
shown in Figure 8. 

To enter these loads into the layered-elastic 
computer program, first the critical location was 
found, Based on previous work, the number of wheels 
selected for the trailer system was 15 clustered 
around the critical point. Other wheel loads fur­
ther from the critical point than these 15 did not 
contribute significantly to the cumulative stress or 
strain conditions. In fact, some of these wheels 
tend to reduce the net stress and strain at the 
critical point for some loading conditions. 

The expected wheel load for each wheel on the 
trailers is 7,750 lb for 12 axles and 6,642 lb for 
14 axles. The expected total weight of a steam gen­
erator move including the trailer weight is approxi­
mately 2,976,000 lb. 

Prime Mover 

It was understood that two prime movers would be 
used for each haul, one to pull and one to push. 
These vehicles are heavily ballasted to increase 
tire contact friction with the pavement. The total 
prime mover load can range from 84 tons to 42 tons 
distributed on 10 wheels. Hence, three gross 
weights were studied for this vehicle: (a) 42 tons, 
(bl 63 tons, and (c) 84 tons. A plan view of the 
prime mover wheel configuration was shown in Figure 
7. 

Based on the above discussion, the following 
wheel loads were used for further pavement analysis. 
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1. Trailer 
a. 7,750-lb wheel load 
b. 6,642-lb wheel load 

2. Prime Mover 
a. 84 tons total - 16,800-lb wheel load 
b. 63 tons total - 12,600-lb wheel load 
c. 42 tons total - 8,400-lb wheel load 

Evaluation of Pavement Analysis Results 

The results of the computer analysis of heavy hauls 
for three pavement structures (stations 49+11, 
149+50, and 209+28) are summarized in Table 8. At 
station 49+11, the pavement structure has no signif­
icant bituminous surface layer. Thus, only the ver­
tical strains and stresses were computed. 

An examination of Table 8 shows that for station 
49+11, the critical vehicle load is the prime mover 
at 84 tons because the surface deflection is the 
highest for that wheel load. Maximum vertical 
strains for all loads appeared to be about the same 
for this station. 

For station 149+58 if the maximum vertical strain 
is used as the failure criterion, the prime mover 
load of 84 tons appears to be the critical load. On 
the other hand the horizontal strain at the bottom 
of the AC layer is highest for the trailer load of 
7,750 lb per wheel even though the radial stress is 
lower than for the prime mover at 84 tons. The 
critical load for station 209+28 is similar to sta­
tion 149+58. 

Using the failure criteria previously selected, 
the estimated allowable repetitions of various vehi­
cle loads for the three stations were determined and 
summarized in Table 9. For station 49+11, all the 
vertical strains due to various loads including the 
standard axle load of 18,000 lb are similar. The 
allowable number of repetitions for those magnitudes 
of strain are less than ava;i.lable rutting criteria 
can be used to predict. 

Table 10 is a summary of the reduction in pave­
ment 1 ife due to heavy hauls assuming that three 
hauls are made on each road. Using that as a base, 
the number of repetitions for the prime mover would 
be equal to 2 (prime movers) x 3 (number of axles) x 
3 (hauls) or 18 repetitions. For the trailer, the 
number of repetitions for 7,750 lb/wheel would be 
equal to 2 (trailers) x 14 (axles) x 3 (hauls) or 
84. By dividing the expected repetitions by the al­
lowable repetitions for a specific loading configu­
ration, an approximate estimate of the pavement life 
reduction was made. 

Overlay Designs 

Station 49+11 on Fruitdale Road and 209+28 on US-20 
were selected for overlay designs because they were 
the critical sections. For trailer loads of 7,750 
lb/wheel, to keep the reduction in pavement life 
within 10 percent, the gravel overlay for Fruitdale 
Road was estimated to be about 10 in. On us-20, the 
asphalt concrete should be about 7. 5 in. For a 
trailer load of 6,642 lb/wheel, the gravel overlay 
on station 49+11 should be about 8 in. and the as­
phalt concrete on US-20 about 5 in. to keep pavement 
life within reasonable limits. 

Conclusions and Recommendations: Case 2 

Overall, the most critical situation was for US-20. 
The heavy haul exceeded criteria normally used to 
prevent rutting and cracking. However, the pavement 
was currently at or exceeding (in some areas) these 
criteria and it was probably unfair to apply the 
criteria directly as one would for a newly con-
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Table 8. Summary of heavy haul responses. 

Maximum Maximum Maximum Maxiffllltl 
Vehicle Surface Tensile Tensile Vertical 

Location Type Load Deflection, Stress, Strain, ERi Str;1~!6t:V I f. 1n. CT", Psi 1:uo-6 

7750 lb./Wh 0.3172 - . 5,664 ... Trailer .. 
0 6642 lb./Wh 0. 2755 - - 5,699 
"" .. 42 tons 0 .1920 . . 6,060 .., 49+11 .,, Prime 63 tons ... 0.2710 - - 5,890 .E Mover 
... 84 tons 0.3%0 - - 5,610 

S~an1•:f, Ax e o d 18,000 lb. 0.0902 - - 5,680 
-

7750 lb./Wh 0.2204 180 582 2,095 
Trafler 

6642 lb./Wh 0.1%0 169 521 1,798 

42 tons 0.1190 169 456 1,300 
149+58 Priine 63 tons Mover 

0.1770 190 525 1,620 

84 tons 0.2330 201 567 2,130 
.> t a11Udni 18,000 lb. 0.0394 - 411 1,000 0 Axle Load N 

"' 7750 lb./Wh 0.3201 330 1,061 3,153 
"' Trailer 

6642 lb./Wh 0.2756 316 1,002 2,926 

42 tons 0.1760 326 902 3,190 
209+28 Prime 

Mover 
63 tons 0.2580 345 975 3,720 

84 tons 0.3390 344 995 4,040 
Standard 18,00<rlb. 0.0647 - !MS 2 ~4£C AA1c le~:! 

Table 9. Summary of allowable repetitions of various heavy haul loads (!-~I. 

Vehicle 
Tensile Allowable Vert teal Allowable 

Location Load Straln,fR• Repetition, Strains E.v Repetition, Type 1x10· II u10- · N 

Traner 
7750 lb./Wh - - 5,664 -· ... .. 6642 lb./Wh -~ - 5,699 -· .. 42 tons - - 6,060 -. 

~ 4!>+11 
Prime ... 63 tons - - s;e10 -· 

~ Mover ... 84 tons - - 5,610 ... 
!x~.:'1•.f a

4
d 18,000 lb. - - 5,680 -· 

1750 lb./Wh 582 6,000 2,095 310 
Trafler 

6642 lb./Wh 521 11,000 1,798 720 

149+58 42 tons 456 30,000 1,300 5,boo 
Prime 63 tons 525 10,500 1,620 Mover 1,400 

0 
84 tons 567 7,200 2 ,]30 270 

N A~,~n~t~~ 18,000 lb. 
"' 

411 54,000 1,000 25,000 

"' 7750 lb./Wh 1,061 140 3,153 -· 
y,.!!t l e r 

6642 lb./Wh 1,002 200 2,926 _, 

42 tons 902 380 3,190 -· 
209•28 

Prime 63 tons 975 250 3,720 -· Hover 
84 tons 995 210 4,040 . 

Standard 18,000 lb. 848 500 2,460 110 
Axle Load 

"Allowable repetitions are low because strains exceed reasonable failure crtterfa. 

structed pavement. In other words, some of US-20 
pavement had already failed, 

Even though the findings of this analysis were 
not implemented, the results were used to determine 
the improvements necessary to upgrade the two roads 
for heavy loads. The following improvements were 
recommended. 

1, Reduce the loading for both the trailer and 
prime mover to 42 tons maximum load and place two 

additional lines of axles on each trailer. This 
would increase the total wheels to 224 per trailer 
and reduce each wheel load to 6,642 lb. 

2, Fruitdale Road. Widen the shoulders to ac­
commodate the wide load and add an overlay of 8 in. 
of compacted crushed aggregate over the entire road­
way. A bituminous surface treatment before hauling 
should keep the surface from raveling and provide a 
smoother haul. A repeat of the surface treatment 
after hauling may be required. 
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Table 10. Pavement life reduction due to heavy hauls (I-~). 

Pavement Life 

Location Vehicle Load Heduction (%] 
Type Based on.E. Based on i. 

7750 lb./Wh - -· Trailer .. 6642 lb./Wh - -. -., 
"' 4~11 42 tons · ' ... -
f Prime 

63 tons . -· ... Mover 
84 tons . ·" 

7750 lb./Wh 1 23 
Trailer 

6642 lb./Wh < 1 12 

14~58 42 tons 0 <l 

Prime 63 tons a 1 
0 

Mover 
N 84 tons a 7 
"' "' 7750 1 b./Wh 51 · " 

Trailer 
6642 lb./Wh 42 · " 

20~28 
42 tons 5 -

Prime 
63 tons 7 · " Mover 
84 tons 9 -

aS1rai11s c~ct't'd railurc crill'ria 

3. US-20. If the actual hauling will not take 
place for at least 2 years, make final surface con­
dition and roughness surveys on US-20 just prior to 
the hauling operation. Following the hauling, re­
peat the surveys and assess the actual pavement dam­
age due to the heavy loads. Also, an overlay of as­
phalt concrete will probably be required on US-20 
within 2 or 3 years because of current heavy truck 
traffic. The heavy hauls will cause additional dam­
age but the extent of the damage is a function of 
the WSDOT maintenance or rehabilitation performed to 
US-20 to accommodate traffic conditions. 
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Equivalency Factor Development for 

Multiple Axle Configurations 

HARVEY J. TREYBIG 

Through the analysis of AASHO pavements a fundamental relationship is de· 
veloped between subgrade compressive strain and equivalency factor. Other 
alements such as tensile strain in the surface and deflection were examined, 
but the best relationship evolved when the subgrade compressive strain was 
used. Once the basic relation of equivalency factor and strain is developed, 
the equivalency factors for axle configurations other than single and tandem 
can be computed over a wide range of loads. The elastic-layered theory was 
used for computing strain. The computed results were compared to extrapo­
lations of the AASHO equations used to compute equivalency factors. These 
comparisons were good in some instances; in others, they were not. The 
equivalency...factor concept can be extended to new size and weiQht con­
figurations of highway vehicles. Thus it will be possible to include these new 
loads in both new and rehabilitative pavement design procedures that use the 
concept of equivalent loadings. 

The equivalency factor concept for considering traf­
fic mixes in a simplified way was developed in the 
pavement research studies at the AASHO Poac'I Test. 
The load equivalencies have received widespreac'I use, 
but unless a rational basis is established for ex­
tenninq this concept to new vehicles of chanqinQ 
configuration and increased loads, many pavement de­
sign procedures will he obsolete. As loads become 
heavier and axle configurations change, as reported 
by Peterson (1), Graves (2), and Chu et al. (3), a 
problem arises when the AASHO equivalency factors 
are extrapolated outside the range for which they 
were developed. 

One result of the AASHO Road Test was to develop 
equivalency factors to estimate how many applica­
tions of a load being considered would cause the 
same amount of damage as one application of a stan­
dard load. The results are given for two standard 
axle configurations: single and tandem axles with 
loads less than 40 to 48 kips (178 to 214 kN), re­
spectively. Eguivalency factors for heavier loads 
and different axle configurations are extrapolated 
from the AASHO equivalency factors and are outside 
the boundaries for which they were developed. There­
fore, a more fundamental relationship must be found 
to facilitate the extrapolation to other axle con­
,F;g11r~~;"'"c, c::,n,..h as triple axles with heavier lcaas. 

EXISTING METHODS 

Field performance data do not exist to determine 
,;:;-, .. 1' ... .:. vu.l,;:;-1, .... y factors for ncn=MSHO Road Test axle 
configurations (single tires, tridems, etc.). As 
axle configurations change, it becomes necessary to 
estimate the damage based on assumptions not sup­
ported by either theoretical considerations or field 
observations. For example, the damage caused by 
tr idem axles has been estimated to be the same as 
that caused by the combination of a single and tan­
dem axles. This estimate is based on equivalency 
factors for axle configurations that were not used 
at the AASHO Road Test. The basic assumption is 
that the load equivalency factor concept is a valid 
procedure for describing the effects of mixed load­
ing configurations on pavement performance. 

Based on the hypothesis that pavement distress is 
related to the state of stress, strain, or deflec­
tion induced by traffic loads, equivalency factors 
can be developed from computations of these pavement 
response parameters. Various approaches have been 

used to derive load equivalency factors. The 
results for each approach are highly dependent on 
the parameters, environmental conditions, and 
methods used to define pavement failure. 

A review of different methods for computing or 
extrapolating equivalency factors for flexible pave­
ments is given by Yoder and Witczak (4) and graphi­
cally summarized in Figure 1.. Asphalt pavement 
design methods, such as the Asphalt Institute thick­
ness design procedure (5), account for varvinq axle 
loads by using a linea-; relationship bet~een axle 
load and the logarithm of equivalency factor derived 
from the AASHO Road Test data, assuming a terminal 
serviceability index of 2.5. Southgate et al. (6) 
reported a similar axle load-damage factor relation­
ship based on experience in Kentucky (Figure 2). 

Deacon (I, 8,), Witczak (9), and Terrel (10) used 
calculated asphaltic tensile- strain to evaluate the 
effect of increased axle weight and different tire 
configurations on flexible pavements. Damage equiv­
alencies were established based on a flexural fa­
tigue distress. The results showed that single 
tires produce considerably more pavement damage at 
the same total load than dual tires, which illus­
trates the significance of tire configuration. 
Also, the results showed substantial reductions in 
pavement life when axle loads were increased. 

Layton et al. ( 11) used the AASHO desiqn method 
equations and elastic-layered analysis to evaluate 
the effect of increased vehicle weiqht. Junq and 
Phang (12) determined load equivalency factors from 
theoretically determined suhgrade deflections corre­
lated with AASHO Road Test data. Ramsamooi et al. 
(13) proposed a method of deriving load equivalency 
factors from longitudinal stress intensity factor 
profiles obtained from theoretical fracture mechan­
ics concepts. These authors propose to calculate 
the tandem, axle-load equivalency factors- as the 
ratio of the sum of the fourth power of the peak. 
Then calculate the peak-to-trough value of the 
stress intensity factor produced by the tandem axle 
load to the fourth power of the peak value produced 
by the standard axle load as shown in Figure 3. 

Although various procedures have been used to 
compute equivalencies, most a.re based on a failure 
criterion of either rutting or fatigue cracking. 

on performance are not readily applicable to 
configurations other than single and tandem 
axles [see Figure 4 (14)]. 

RESPONSE VARIABLE 

axle 
load 

To develop a theoretical evaluation procedure, the 
response variables must be related to future per­
formance of the pavementi and the location in the 
pavement structure where this response will be crit­
ical must be known. Pavement failure is assumed to 
be a function of the response to vehicle loadings. 
The damage produced by an application of an axle 
load may be calculated from a mathematical equation 
established from the results of laboratory tests and 
theoretical considerations and verified by field 
observation. 

Pavement surface deflection has often been ac-
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Figure 1. Comparison of various load equivalency methods as a function of percent of gross load (~). 

cepted as a good 
behavior [Kingham 

indicator of changes in pavement 
(15), (16)], but surface deflec-

tion alone is only a fair indicator of the structur­
al strength of a pavement. High values for surface 
deflection have been used as limiting criteria for 
pavement design (Figure 4), as reported by Junq et 
al. (17): however, maximum surface deflection may 
not be readily related to performance over a wide 
range of loading conditions. 

Of the various observable distress mechanisms for 
flexible pavement, fatigue and rutting can he 
directly related to critical strains in the pavement 
structure. The horizontal tensile strain at the 
bottom of the asphaltic concrete can be related to 
fatigue, whereas vertical compressive strain at the 
top of the subgrade can be related to rutting. 
Models that relate pavement failure to repeated 
applications of vehicle loadings are summarized by 
Barker et al. (18) and Rauhut et al. (19). 

For rigid pavements, hoc izontal tensile stress 
has generally been accepted as the response variable 
providing the best relationship to the pavement dis­
tress of cracking. The Ve sic equation ( 20) and the 
stress ratio used by the Portland Cementl\ssociation 
(21) are most commonly used to predict failure, 
although many failure-prediction equations exist as 
stated by Treybig et al. (11,). 

SINGLE AND DUAL TIRES 

An equivalent single wheel load (ESWL) has commonly 
been used in various design or evaluation procedures 
to aggregate the effects of different wheel configu­
rations, as described by Van Buren (23). Normally, 
either equal contact area (U.S. Army""'c°orps of Engi­
neers) or pressure is used to represent the dual 
tire load for determining ESWL. 

The greatest difficulty in applying the ESWL con­
cept is that the failure mechanism in a given pave­
ment structure may vary for different loadings. 
Thus, the er i tical parameters do not remain con­
stant for the same pavement structure with a change 
in axle load. Deacon (1.,1) reported that axles with 
single tires are three times more damaging than dual 
tires with the same load, whereas Terrel et al. (10) 
and Christison et al. (~) reported them as 7 to 10 
times more damaging. 

Considering the previously mentioned information, 
it can be concluded that a single tire of the same 
contact area as a dual tire cannot be used to accu­
rately represent a dual tire configuration; and 
hence, the single-tire axles should be identified 
and treated separately in equivalency studies. 

Because of the data collection techniques at the 
AASHO Road Test, the present AASHO equivalency 
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Figure 2. Damage factor versus tandem and single axle load based on experience in Kentucky. 
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factors combine the damage caused by a single-tire, 
steering-axle loading with damage caused by the 
trailing axles (1_&). It is possible to determine 
equivalencies for these single tires by separating 
the damage caused by single and dual tires at the 
AASHO Road Test. The equations for calculating this 
separation of damage are developed and explained in 
FHWA Report No. RD-79-73 (27). Table 1 gives the 
resulting new equivalency factors for the specific 
AASHO conditions for the flexible pavements. As 
shown, there is little difference between the equiv­
alency factors reported by AASHO and those developed 
for the load axles after steering axle damage was 

separated out. As also shown, the single tire load­
ings produce significantly more damage than does a 
comparable loading of dual tires as was shown in 
Deacon's theoretical studies (.1) and Christison's 
theoretical and field studies (25). 

The same analysis was used to develop the rigid 
paveme nt load equivale ncy factors in an attempt to 
s eparate the damage r esul ting from dual and single 
tires. The results of this procedure produced less 
damage for tire loads on rigid pavements, whereas 
more damage was computed for single tire loads on 
flexible pavements than that produced during the 
AASHO Road Test. Therefore, it was concluded that 

Table 1. Comparison of equivalency factors with and without the effect of steering axles based on 
performance criteria for SN = 4.0, P1 z 2.0, and a flexible pavement. 

Steering Axle Load Tandem Axle Load 

Predicted AASHO Predicted AASHO 
Total Axle Without With Without With Steering 
Load (kips) Single Tires Single Tires Single Tires Single Tires Axle 

2 .00009 .002 
4 .002 .002 .009 
6 .009 .01 .05 
8 .08 .08 .006 .OJ .2s• 10 .08 .08 .006 .01 

12 .18 .18 .01 .01 .46 
]4 .34 .35 .02 .03 
16 .61 .6] .04 .05 
18 1.00 1.00 .07 .08 
20 1.56 J.55 .II .12 
22 2 .34 2.31 .16 .17 
24 3.39 3.33 .23 .25 
26 4 .77 4.68 .33 .35 
28 6 .53 6.42 .45 .48 
30 8.75 8.65 .61 .64 
32 11.5 J 11.46 .80 .84 
34 14 .89 14.97 1.03 J.08 
36 18 .98 ]9.28 1.32 1.38 
38 23 .87 24.55 1.66 l.72 
40 29 .68 30.92 2.06 2 .13 
42 2.53 2.62 
44 3.09 3.1 8 
46 3.73 3.83 
48 4.47 4.58 

Note: I kip = 454 kg. 

aEquival ency factor for the 9-kip steering axle load. 
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the damage produced by single tire loads could not 
be separated from the total damage included in the 
rigid equivalency factors by the techniques used and 
information available. 

DYNAMIC EFFECTS 

As repeated applications of loads pass over pave­
ments, forces are imposed that are a combina·tion of 
vehicle static weight and induced dynamic forces. 
These dynamic forces result from the motions 
imparted to the vehicle by road surface irregulari­
ties, and their magnitude depends on vehicle charac­
teristics, vehicle speed, and the nature of the road 
surface irregularities as explained by Whittmore et 
al. ( 28) • Dynamic forces have an influence on the 
life expectancy of pavements, but the actual amount 
has not been fully determined or explained. The 
variable nature of the dynamic response of vehicles 
severely complicates the problem of predicting load 
equivalency factors for pavement performance. Be­
cause - the AASHO equivalency factors were developed 
from in service data, some amount of dynamic force 
influence is built into the factors. 

It may be assumed that the increase or decrease 
in the response variable caused by the dynamic 
forces produced by the base load is proportionate to 
the increase or decrease in the response caused by 
some other axle load or configuration. This assump­
tion should result in the same ratio of response 
variable for the dynamic and static conditions for a 
specific pavement structure, but there is no con­
clusive evidence to support this assumption. Hence, 
for simplicity, the equivalency factors determined 
from the analytical techniques given below are 
assumed to be constant for the static and dynamic 
loading conditions. 

MODELS 

Two computer models wen, usPd i,xt:.i,n,.ivPly to r:,alcn­
late response var !ables for predicting equivalency 
factors. 

1. Elastic-layered analysis (ELSYM 5, 1,2). 
2. Discrete element analysis (SLAB 49, 30). 

Currently, elastic-layered theory is the most prom­
ising approach for evaluating pavement response to 
varying loads because it is simple and inexpensive. 
These procedures have been used by various authors 
including Jung et al. (12) and Deacon (7). The 
limiting factor in this ~ocedure is the Inability 
to estimate the modulus of elasticity and Poisson's 
ratio for each material in the pavement structure. 
A discrete element analysis model was used to anal­
yze rigid pavements. This model (SLAB 49) permits 
analysis of interior, edge, and corner loading con­
ditions and provides output that can be used to 
evaluate their effect on rigid equivalency factors. 

MECHANISTIC APPROACH 

For purposes of these analyses, it was assumed that 
a relationship could be developed between a compo­
nent of strain, stress, or deflection in the pave­
ment and AASHO performance-based equivalency fac­
tors. A relationship was first formulated for single 
loads on AASHO pavement cross sections (Fiqure 5) 
and then used to predict AASHO equivalency factors 
for tandem loads. If these tandem equivalency 
factors were comparable to the AASHO performance 
equivalencies, the response variable, equivalency 
relationship could be extended to other load config­
urations. These relationships could then be compared 
with pavement flexural fatique and rutting criteria 
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used to define pavement failure and would provide 
support for the concepts and methodology used in 
other studies for deriving equivalency factors for 
various loading conditions. 

FLEXIBLE PAVEMENTS 

Results of computations for surface deflections and 
interfacial strains in the asphaltic concrete and 
the subgrade were used to obtain quantitative 
assessments of the relative damaqing effects caused 
by different loading configurations on flexible 
pavements. Because equivalency factors based on 
performance are a function ot load and structural 
number (31), computations were performed for both 
single and tandem axle loads over a range in the 
structural number (SN). The use of Eauation l pro­
duced estimates of equivalence factors that corres­
ponded closely to those based on AASHO performance. 
Equation 1 will be referred to, hereafter, as the 
Curvature Method. 

where 

B = Log F(x,)/Log [e(x,)/e(J 8,)] (la) 

Tensile Strain 

predicted equivalency factor for 
axle configuration n of load x. 
maximum asphalt tensile strain or 
subqrade vertical strain for the 
18-kip (80 kN) equivalent single 
axle load (ESAL), in./in. 
maximum asphalt tensile strain or 
subgrade vertical strain under the 
leading ·axle or axle configuration n 
of load x, in./in. 
maximum asphalt tensile strain or 
subgrade vertical strain under axle 
i+l of axlP configuration n of 
load x, in./in. 
asphalt tensile strain or sub­
grade vertical strain, in criti-
cal direction, between axles i and 
i+l of axle configuration n of load 
x, in./in. 
AASHO performance equivalency fac­
tor for an x-kip single axle load. 
maximum asphalt tensile strain or 
subgrade vertical strain for an 
x-kip single axle load, in./in. 

ELSYM 5 was used to compute maximum tensile strain 
at the bottom of the asphalt concrete as a function 
of axle load for different structural numbers. 
These computation,:: w<"r<> r.ompl <>t"'a for t-h,;, pa v,;,ment 
cross section and material properties given in Fig­
ure 5. Material properties selected to represent 
AASHO Road Test conditions were taken from 
References (22) and (26), and AASHO structural 
coefficients ~st be used in computing structural 
numbers for the analysis. The relationship between 
AASHO equivalency factor and maximum tensile strain 
is illustrated in Figure 6. 

Using Equation la and asphalt tensile strain, the 
B value was computed to be 5. 06 for a structural 
number of 3.75 and a terminal serviceability of 
2.0. Results of numerous reported laboratory fa­
tigue tests indicate that the exponent B is primar­
ily dependent on mix composition. Numerous studies 
have yielded values ranging from 3.0 to 5.0 as re­
ported by Monismith and Salam (32). [Finn et al. 
i33i, Rauhut et al. (19i, and Treybig et al. (34i .j 
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a. Flexible Cross Sec t io n 
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Figure 5. Pavement material properties used to develop an initial relationship to predict the AASHO tandem equivalency factors. 
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Equivalency factors predicted by Equation 1 are 
shown in Figures 7 and 8. In Equation 1, zero 
strain should be used in computing the difference in 
strain values between and under axles if the asphalt 
tensile strain between the axles is compressive. 
Equivalency factors were predicted using this pro­
cedure for numerous axle loads and configurations 
and are published in FHWA Report No. RD-79-73 (11). 

ELSYM 5 was also used to calculate maximum compres­
sive strain at the top of the subgrade as a function 
of axle load for different structural numbers. 
These calculations were completed for the pavement 
cross section and material properties given in Fig­
ure 5. The · relationship between AASHO equivalency 
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factor and maximum compressive strain is presented 
in Figure 9. 

The B value calculated for this condition was 
4.49 for a structural number of 3 ~75 and a terminal 
serviceability of 2.0. Similar values have been 
reported by Shell (]2) and Santucci (~). The 
results using the Curvature Method of Equation 1 are 
given in Figures 10-12. If the subgrade vertical 
strain between the axles is tensile, then zero 
strain should be used in computing the difference in 
strain values between and under axles. Equivalency 
factors were predicted for numerous axle loads and 
configurations using this procedure and are pub­
lished in FHWA Report No. RD-79-73 (1.2). 

RIGID PAVEMENTS 

Computations of concrete tensile stresses and sur­
face deflections caused by various loading configu­
rations on a rigid pavement were used to obtain 
quantitative assessments of the relative damage 
effects on pavements. Based on AASHO performance, 
equivalency factors are a function of load and con­
crete thickness. Therefore, both single and tandem 
axle loads were used along with a range of thick­
nesses in predicting the AASHO equivalency factors. 
Both ELSYM 5 and SLAB 49 were used to calculate the 
response variables for predicting the equivalen­
cies. The pavement cross section and material prop­
erties used by each model in calculating the criti­
cal response variables are given in Figure 5. 

The same type of relationship described in Equa­
tion 1 was used in predicting rigid equivalency fac­
tors. By using the response variables of deflection 
and stress computed with the various models, the 
predicted equivalency factors were not within rea­
sonable accuracy for the AASHO material properties 

and general cross sections. The predicted equiva­
lency factors were different from those developed at 
the AASHO Road Test by a factor of two or greater. 
Some examples of predicted versus AASHO equivalency 
factors are shown in Figures 13-15. Equivalency 
factors were shown to depend to some degree on the 
model and loading conditions used to simulate field 
conditions. The following interrelated explanations 
are given as to why the AASHO equivalency factors 
were not predictable using the given analytical 
techniques. 

1. Loss of Support. The analytical models can­
not be used to simulate the effect of pumping with 
time. Because the tandem axle loads have a much. 
larger deflection basin than the single axle loads, 
the effect of pumping on pavement performance may be 
more severe for tandem axle loads than single axle 
loads. 

2. Load Transfer. The loss of load transfer at 
joints could increase at a greater rate for applica­
tions of tandem axles than single axles resulting in 
higher tensile stresses for tandem axles. 

3. Dynamic Loads. The effect of dynamic loads 
at joints may be much greater for tandem axles than 
for single axles. Also, this dynamic effect at 
joints (corner loading) could have a larger influ­
ence on pavement performance than the dynamic effect 
based on interior loading conditions, which is nor­
mally simulated for asphalt pavements. Hence, the 
assumption of equal relative effect for the static, 
as well as the dynamic load effect, could he in 
error for jointed concrete pavements. 

4. Slab Curling. When considering the movement 
of a tandem axle across a joint as opposed to a sin­
gle axle, curling stresses could cause the tandem 
axles to be more damaging. 
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Figure 10. Development of AASHO equivalency factors based on subgrade compressive strain using the Curvature Method-SN= 1.99. 
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Figure 12. Development of AASHO equivalency factors based on subgrade compression strain using the Curvature Method-SN= 5.51 . 
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Figure 13. Development of AASHO equivalency factors based on a stress criterion using ELSYM 5 for the Curvature Method. 
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SUMMARY 

Relationships between performance equivalency fac­
tors and asphalt tensile strain and subgrade verti­
cal strain were developed for flexible pavements 
loaded with the !\ASHO axle configurations. Using 
this relationship, equivalency factors were gener­
ated for triple- and five-axle configurations. 
Because of the volume of those tables, the reader is 
referred to FHWA Report No. RD-79-73 (27), Appendix 
Band C. Because asphalt concrete strain correlates 
better with !\ASHO load equivalency factors under 
comparable loading conditions, Appendix C of FHWA 
Report No. RD-79-73 is recommended when triple- and 
five-axle configurations are expected. If the pave­
ment structures under evaluation vary significantly 
from the AASHO material properties and thicknesses, 
the engineer should consider developing equivalency 
factors for site-specific situations. Care must be 
exercised in using load equivalency factors obtained 
from AASHO correlations if actual longitudinal spac­
ing between axles or transverse spacing between dual 
tires change from those used at the AASHO Road Test. 

The performance equivalency factors for other 
axle configurations were extended based on a struc­
tural number of approximately 3. 75. The structural 
number becomes an important variable in determining 
equivalency factors for terminal serviceability 
greater than 2.5. Therefore, caution should be used 
in applying these developed values for terminal 
serviceabilities greater than 2.5. 

In predicting equivalency factors based on 
asphalt tensile strain, only asphalt thicknesses 
greater than 3 in. ( 7. 6 cm) should be used. The 
reason is that elastic layer theory (ELSYM 5) for 
certain conditions computes compressive strains in 
thin asphalt concrete layers. If less than 3 in. 
(7.6 cm) of asphaltic concrete exists, then subgrade 
vertical strain should be used to compute the equiv­
alency factor as shown in Figures 10-12. 

Equivalency factors were shown to be dependent on 
pavement type and loading condition. The rigid 
pavement equivalency factors were not predicted 
adequately by the mechanistic analysis (stress­
strain analysis) procedures used in this study. 
Therefore, the AASHO equations must be relied on to 
generate eguivalency factors for other than standard 
axle configurations. It is recommended that the 
dynamic effect of tandem loads on jointed concrete 
pavements as compared to single axles be reviewed 
and evaluated in further detail. This should deter­
mine whether the initial assumption is correct and 
illustrate why a 36-kip (160 kN) ESAL tandem axle 
load is approximately 2.45 times as damaging as an 
18-kip (80 kN) ESAL single axle load for rigid pave­
ments and only 1.38 times more damaging for flexible 
pavements. 
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Mathematical Model for Predicting Pavement Performance 

P. ULLIDTZ AND B.K. LARSEN 

A computer program is developed for predicting the performance of a road as 
a function of loads, climate, and structural design. The fundamental principle 
is to divide the road into 0.3-meter lengthwise subsections. Parameter values 
are assigned to the subsections through a second order autoregressive process. 
For each subsection the dynamic load and the resulting fatigue and permanent 
deformations are calculated week by week over the desired period of time. 
The output as well as the input to the program is stochastic. This means that 
the deterioration as a function of time will be different for subsequent simu­
lations of nominally identical pavements. The program computes the slope 
variance, the rut depth, and the amount of cracking, which is summarized into 
the Present Serviceability Index (PSI). The submodals are based on theoretical 
considerations and to some degree on adaptation of laboratory tests and field 
observations. To test the computer program, 180 sections of the AASHO Road 
Test were selected for simulation. The results of these simulations were en­
couraging. In addition to structural design of flexible pavements the program 
may be used to determine the most economical maintenance strategy, to study 
the effect of changes in legal axle loads, and to evaluate new pavement mate­
rials, such as waste materials. The program may also be used to transfer experi­
ence from the industrialized countries to the developing countries. Finally the 
program may, with some changes, be used for design of, and maintenance plan­
ning for, airfield pavements. 

In 1978 a computer program was developed for pre­
dicting flexible pavement performance (1>· The pro­
gram was developed on a microcomputer and is capable 
of predicting longitudinal roughness, rutting, and 
cracking of three-layer pavements, consisting of as­
phalt, gravel base, and subgrade. The program was 
presented at the annual meeting of the Association 
of Asphalt Paving Technologists in 1979 (2). 

In 1980 a committee was formed by the National 
Road Directorate in Denmark to work out new design 
models for pavement structures. These new models 
were to be used to work out improved methods for 
pavement design. The committee therefore decided to 
select models that were as complete as possible. 
For flexible pavements the predictive design model 
mentioned above was selected. The _computer program 
was rewritten for the National Road Directorate• s 
Burroughs computer and has since undergone extensive 
testing and modification. The modified model is de­
scribed in this paper. 

OUTLINE OF THE MODEL 

The structure of the model is the same as in the 
original version of the model and is illustrated in 
Figure 1. The main principle is to consider the 
road as consisting of a number of short sections, 
which again are divided into subsections 0.3 m 
long. Each section is considered separately, and 
the structural and functional condition are calcu­
lated week by week for the desired period of time. 
variation of the permanent deformations of the sub­
sections will result in longitudinal roughness, 
which is combined with the mean level of permanent 
deformation (rut depth) and structural deterioration 
(percentage of cracked subsections) into a Present 
Serviceability Index (PSI) value. Variations in 
permanent deformations and crack propagation for 
each subsection are caused by variations in materi­
als parameters and in thicknesses of the layers as 
well as variations in the resulting dynamic fo'rce 
from subsection to subsection. 

First the materials parameters are determined 
from the climatic conditions of the week considered 
(for example, temperature of asphalt and effects on 
unbound materials of fro~t melting). The loads are 
then applied through a system consisting of two sets 
of mass, spring and shock absorber (a quarter car 

Figure 1. Illustration of the program. 

model), simulating a heavy vehicle load. The re­
sulting dynamic force is calculated at points spaced 
O. 3 m apart (one subsection apart). The force at 
each point will depend on the shape of the surface 
(the longitudinal roughness) and on the velocity of 
the vehicle. For each subsection the effects of the 
loading are calculated in terms of permanent defor­
mation of each material and reduction of the remain­
ing life of the asphalt layer caused by fatigue. The 
new PSI value is then calculated and the procedure 
is repeated for the following week, under a new cli­
matic condition and with II different shape of the 
surface. 

The program may also be used in connection with 
stage construction, where an overlay is applied 
either at a given point in time or when the pavement 
has reached a certain condition. In this version 
the program may also be used for maintenance pur­
poses. First the previous performance of the pave­
ment is simulated, and when this agrees with the 
known performance, the model may be used with some 
confidence for extrapolation to study the effect of 
applying overlays of different thicknesses. The 
model could also be modified for use with flexible 
airfield pavements, where the effects of pavement 
irregularities on pilot, passengers, and aircraft 
could be determined directly. 

GENERATING PARAMETERS 

The input to the program (and the output from it) is 
stochastic, i.e., parameters such as surface eleva­
tion, elevation of interfaces, bitumen content, and 
so forth, vary from point to point. To obtain a 
pattern of variation similar to the variations in 
real pavement structures, a second order autoregres­
sive process is used to generate the parameters (3). 

In a second order autoregressive process -the 
value for Xt; is determined from 

(!) 

where •1 and •2 are constants, and at is 
dent random variable with mean value • O 
stant variance of (E tatl • 0, var latl • 

an indepen­
and a con-

a~) • 

The constants •1 and t 2 are determined from 

<1>1 = { [P1 (I-p2)l /(l-pD },and <1>2 = [(poD/(1-pD] (2) 
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where p 1 is the autoregression coefficient for a 
distance= Z (here Z = 0.3 m), and p 2 is the auto­
regression coefficient for a distance= 2 • Z (pk is 
the autoregression coefficient for a distance= k • 
Z) . The variance o f a, a~, is ca l c ula t ed from 

where ai is the variance of x. 
By selecting different values of Pl and p 2 it is 

possible to obtain different autocorrelation func-
+.,C,...."~ ::i,,..,~ +-h11E:!' +-" :=a.nn,-,...v~1ft::a+-o +-ho ::i,,-.+-11:::11 ::ion+-,...,-.n,....-o-._.,..., . .... , .... ......................... -rt::".._ ..... ...... . .. .......... ... .. ... .... ._ .......................... ... ... ...... ... ... 

lation function of the parameter considered. This 
is illustrated in Figure 2 . The effect of selecting 
different values of Pl and P2 is also illus­
trated in Figure 3. In this figure the surface ele­
vation is shown as a function of distance at points 
0.3 m apart. Figure 3 shows the elevations for five 
different combinations of o 1 and p 2 , but all 
with a standard deviation, ox, of 1 mm. The PSI 
val ue'3 are G1!1cnl1!tPn from the longitudinal p,:o­
files. Variations from 2.5 to 4.2 are possible. As 
the standard deviation is kept constant, the varia­
tion in PSI is solely due t o the variations in o 1 
and p 2• 

In the program the distribution of X may be 
either normal or log normal. The input cons i sts of 
the mean value, the standard deviation, Pl• P2• and 
the type of distribution. The program then gener­
ates values at each point of the pavement, usinq a 
random number generator. Little information is 
a vailable for evaluating Pl and p 2 • For the surface 
level the information is easily obtainable, however, 
and analysis of longitudinal profiles from a test 
pavement showed that Pl= 0.9 2 and P2 = 0.75 were 
reasonable values. For other parameters, values of 
0.9 and 0.7 for Pl and P2• respectively, have been 
used when a large degree of autocorrelation was as­
sumed. For low degrees of autocorrelation values of 
Pl= 0.6 and p 2 = 0.3 were used. 

ELASTIC PARAMETERS 

The term elastic has been used to denote all recov­
erable (or resilient) de fo rmations whether they are 
truly elastic (linear or nonlinear) or viscoelas­
tic. Likewise E-value or E-modulus i s used f or the 
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ratio between the dynamic stress and the elastic 
part of the strain (the secant modulus). Poisson's 
ratio is kept constant, and the same value (0.35) is 
used for all layers. 

Asphalt 

The E-modulus (or stiffness) of the asphalt may be 
calculated by two different methods; however the 
method to be used must be specified. One possibil­
ity is to use the method developed by Shell: 

1. The volume concentration of aggregate, Cv• 
is calculated from 

C., = VA/(VA + VB) (4) 

where VA is the percentage volume of aggregate, and 
VB is the percentage volume of bitumen. The volume 
concentration is then corrected to allow for void 
contents larger than 3 percent (J). 

C~ = C.,{ { (0.97 + 0.01) • [100 - (VA+ VB)] } (5) 

If the void content is less than 3 percent this last 
step should be deleted. 

2. Within certain limits the following relation­
ship, which is derived from Van der Poel's nomograph 
(_~), may be used for calculating the stiffness of 
the bitumen. 

where 

Sb bitumen stiffness in MPa, 
tw loading time in seconds, 

(6) 

PI penetration index (e is the base of the nat­
ural logarithm), 

TR softening point ring and ball in degrees 
Celsius (or the temperature correspondinq to 
a penetration of 800), and 

T temperature of the bitumen in degrees 
Celsius. 

The relationship will give ' an approximate value of 
the bitumen stiffness within the following limits: 

0.01 sec< tw < 0.1 sec 
-1 <PT< +l. 

10°c < TRB-T < 70°c 

Bitumen stiffnesses calculated from Equation 6 have 
been compared to values found from the PONOS com­
puter program developed by Ullidtz and Peattie for 
Shell (6). The comparisons cover bitumens having 
initial -penetrations ranging from 30 to 200 at tem­
peratures from 0°C to 30°C and times of loading be­
tween n.1 ann n.nl sec . 'T'he comparisons are shown 
in Figure 4. 

3. The stiffness of the mix (E1 MPa) is then 
calculated from (1). 

E, = Sb • { 1 + (2.5/n) • [C~/(1- Cv)J } " (7) 

where 

(8) 

Moduli determined from this method are usually in 
good agreement with moduli found from bending 
tests. At high temperatures, however, bending tests 
tend to give moduli that are too low. When the tem­
perature increases the modulus of an asphalt layer 
in a pavement wi l l approach the mod u l us o f the ag-
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gregate, whereas the modulus of a beam used 
bending test will approach zero, 

in a 

P'rom the AASHO Road Test (.!!.> a modulus-tempera­
ture relationship was found from back analysis of 
deflection data. Deflections corresponding to ave­
hicle velocity of 55 km/h at temperatures ranging 
from 0°C to 40°C were used, The following relation­
ship was found. 

E1 (t) = 15000 - 7900 , log10 t°C, t> l 0C (9) 

where E1 (t) is the asphalt modulus in MPa at t°C. 
In Figure 5 this relationship is compared to mod­

uli calculated from data on the asphalt mix us i ng 
Shell's method. The d ifference at l ow temperatures 
could result from the strains in bending tests being 
lower than the in situ strains. The difference at 
low· temperatures is not very important for the simu­
lation, whereas the difference at high temperatures 
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is of vital importance. Using the values determined 
by Shell from sections of the AASHO Road Test re­
sults in severe deterioration during the summer pe­
riod i such a deterioration was not observed during 
the tests. 

For the input one may therefore choose between 
Shell's method and a relationship similar to that 
given by Equation 9. In the latter the two constants 
in the relationships should be input. No matter 
which method is selected for calculating the asphalt 
modulus, a lower limiting value that corresponds to 
the modulus of the aggregate should be used. 

Unbound Materials 

For the unbound materials it is also possible to use 
two different inputs for the elastic parameters. 
One method is to input the E-value for layer No. 2 
(base course) and No. 4 (subgrade) and the ratio be­
tween the modul i of layers No. 3 and No. 4 (E3/ E4), 
In this method the plastic parameters discussed in 
the following section will have to be input for each 
material. 

The other method is a standard input developed in 
connection with the simulation of the AASHO Road 
Test. In this method the input consists of the CBR 
value of each of the unbound materials. The modulus 
of the subgrade E4 is then calculated from 

E4 = 10 • CBRMPa (10) 

The accuracy of this equation, related to deforma­
tion and strength parameters, is disputed. Experi­
ments carried out by the National Danish Road Labo­
ratory (,2) indicate that a better agreement is 
obtained with the relationship 

(11) 

Because Equation 10 is the most widely accepted re­
lationship it is retained here. 

The modulus of the subbase , E3, is found from a 
,relationship developed by Dorman and Metcalf (10) 

(12) 

where h3 is the thickness of layer No. 3 in 11111\,_ 

This relationship was developed Irom deflection mea­
surements and, therefore, corresponds to the hori­
zontal direction. A factor 3 has been ·introduced to 
account for the anisotropy often found in granular 
materials. From analysis of stresses measured by 
Veverka (11), van Cauwelaert (12) found that the ra­
tio betwe-;;; vertical and hori;;ntal modulus, n, was 
3 for a gravel and 5 for a sand. Theoretical con­
siderations on compaction of granular materials 
leads to a minimum value of n = 2.25 for a material 
with an angle of internal friction e = 30 degrees. 
Misra (13) suggests a value for shear sensitivity of 
6, whichleads to n = 3.8 (14). Gerard and Wardle 
(15) use n = 3. P'or stresses, strains, and deflec­
tions measured in the Danish Road Testing Machine 
(16), Ullidtz (14) has shown that an excellent 
agree- ment with calculated values -is obtained when 
n = 3 is used. 

Ideally the pavement response should be calcu­
late_d using a theory incorporating anisotropy of the 
granular materials . In this instance, however, a 
modified version of the method of equivalent thick­
nesses is used. This method has been found to agree 
well with anisotropic theory as represented by the 
computer program CIRCLY ( 17, 18) • Finally the modu­
lus of the base course,-E;;- is calculated using 
the equation 

(13) 
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where h 2 is the thickness of layer No. 2 (base 
course) in mm. 

PLASTIC PARAMETERS 

Plastic deformations include all nonrecoverable (ir­
reversible or permanent) deformations and viscous 
deformation. An index p, is used to distinguish 
plastic from elastic parallieters, e.g., Ep denotes 
the ratio of the dynamic stress to the plastic 
strain and is called the plastic modulus. 

Asphalt 

A simple method of evaluating the permanent deforma­
tions in the asphalt layer has been developed by 
Hill, Brian, and van de Loo for Shell (_l2), and a 
slightly modified version of this method has been 
used in the simulation program. In this approach 
the plastic strain in the asphalt is assumed to be 
purely viscous; i.e., the strain depends on the ac­
cumulated loading t _ime only and is independent of 
the number of load applications. 

To use this method a correlation between the 
plastic modulus of the mixture, Ei,p• and the 
plastic or viscous part of the bitumen stiffness, 
Sbit,p• must be established. This is most easily 
done by creep tests . In the v i cinity ot the total 
accumulated loading time the relationship may be ex­
pressed as 

(14) 

wbete A1 and a 1 ar.e constants. For mo:.t of the 
tests reported by Shell, A1 was in the region of 
70 to 90 and s1 fcom O. 3 to O.S with moduli in 
MPa. Because of a certain nonlinearity of some bi­
tuminous mixtures (20), the relationship should 
preferably be determined at a realistic stress 
level. Tests carried out by Celard (l!_) and 
Fran,:,k,;,n (22) ,show thilt the strain is not purely 
viscous but depends on the number of load applica­
tions in addition to the accumulated loading time. 
It might, therefore, be more correct to use the same 
kind of relationship given in the section on unbound 
materials. 

The viscous part of the bitumen stiffness may be 
calculated from 

(Vi) 

where n is the viscosity of the bitumen, and ta 
is the accumulated leading time, equal to the nuroner 
of load repetitions, N, multiplied by 
time, tw, of each wheel passage. In 
an approximate value of n is found from 

7/ = 1.3 , 1013+(T1ui-T/1o)JNsec/m2 

Unbound Materials 

the loading 
the program 

(16) 

For unbound materials the stress level and the time 
of loading (or number of load applications) seem to 
be the most important factors. For constant volume 
unconfined compression tests Goldstein (11_) found 
that the strain-time relationship could be described 
by the following general equation: 

e=K · a"·C" (17) 

e being the axial strain velocity, a the axial 
stress, t the time of loading and K, n, and a soil 
parameters (24). Assuming that the loading time of 
each wheel passage is constant and a = 1 this re­
lationship may be written as 

(18) 
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where 

N 

a' 
A,B,C 

or a s 

number of load applications, 
reference stress equal to 0.1 MPa, and 
constants; 

for combinations of N and a 1 that do not ap­
proach failure. 

Tr iaxial tests on granular materials reported by 
Barksdale (~) indicate that the constant C ranges 
from 1 to 2 (average 1.67), i.e., from a plastic 
modulus which is independent of the stress level to 
a modulus inversely proportional to the major pr in­
cipal stress. One of the tests shows a value of 
0.13 for the constant B. Similar tests on cohesive 
soils (including the AASHO Road Test subgrade) car­
ried out by Poulsen (26) give the same range for C 
(average 1.66) and a ~ange of 0.07 to 0.15 for B 
(average 0.11). When the constants B and C are 
known, they may be input to the program; if they are 
not known, a standard input of B = 0 .1 and C 1. 6 
is recommended. 

For stress levels approaching the short term 
strength or for large numbers of stress repetitions 
Equation 18 is no longer satisfactory. If a road 
structure is designed such that the limit of Equa­
tion 18 is never reached, then the rate of permanent 
deformations in the structure will be decreasing 
with the number of loadings as it did in the VESYS 
I I M program ( 27) • The permanent deformations de­
veloping shortly after cpening of the road may, of 
course, be large, depending on the stress-plastic 
strain relationship; but after the first resurfacing 
or leveling of the roughness or rutting, only small 
plastic deformations will develop. To predict road 
failures due to progressive plastic deformations, a 
more adequate model capable of describing th" mat"­
r ial behavior at higher stress levels is needed. 

According to Vyalow and Maksimyak (l.!!_) the defor­
mation of a clay material as a function of time may 
be divided into three phases: phase 1, decreasing 
strain rate (corresponding to the above relation­
ship); phase 2, constant strain rate; and phase 3, 
accelerated strain rate eventually leading to 
failure, see Figure 6. In the simulation program 
pd::;::;in9 [r:orn pi1cts~ 1 Lo phase 2 has, beeo sssumed to 
take place when the plastic .strain has reached a 
critical level. The equations for the plastic strain 
thus become 

(20) 

continuing along the tangent to this relationship: 

(2 1) 

where N
0 

=E
0

I/D • A-I/D • (a1/a'rC/D (22) 

A relationship for the third phase has not been 
included in the program. Using this model on tests 
carried out by Lashine and reported by Pell and 
Brown (29), the points marked o or x in Figure 7 are 
obtaine~for a limiting strain of 5 percent and 4.5 
percent, respectively. Although the agreement with 
experimental results is quite satisfactory, limited 
evidence exists to support this model. One reason 
for using the model is that it is simple enough to 
be used in a simulation program where a very large 
number of calculations have to be carried out. For 
cohesive soils Poulsen (26) found that the stress 
level at which 10 5 load- repetitions would result 
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OCT 

in fa ilure or a p lastic strain of 2 percent was 
propor tional to (Mo/1 MPa) 1.16 , where M0 is 
the elastic modulus at a stress level of 0.01 MPa. 
This relationship with the modulus agrees well with 
Kirk's relationship between permissible stress ana 
modulus (30). Assuming this relationship to the 
elastic modulus to be correct, one obtains 

A={ 1/((E/E')i. 16 ·CJ}. A' 

where 

A,C 
E 

E' 

constants corresponding to Equation 20, 
elastic modulus of the material, and 
reference modulus. 

(23) 

As described in the section on unbound materials 
two different types of input may be used for the 
elastic parameters. When using the first alterna­
tive, A in Equation 20 should be input for each un­
bound layer corresponding to the respective refer-
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ence modulus (E'). With the second alternative A' 
is calculated from the CBR value 

A'= 5/CBR • 0.017 (24) 

The constant O. 01 7 was the mean A-value determined 
for the AASHO subgrade soil by Poulsen (~) and cor­
responds to a mean subgrade CBR of 5 percent. 

The critical strain, Eo, may be found from experi­
ments such as those shown in Figure 71 or it may be 
estimated from a known relationship between number 
of loads and permissible stress or strain based on 
permanent deformations (7,26,31). The additional 
plastic strain caused by the~oads from Ni to Nj at a 
constant stress leve l is calculated with the strain 
hardening procedure, see Figure 8 ( 32) • To use the 
time hardening procedure would not be practical be­
cause of the excessive amount of computer storage 
required. 

Q 
1-, 

C: 
Q) 
C: 

"' E 
ai 
a. 

"Time Hardening" Procedure 

"Strain Hardening" Procedure 

-. --- ------- -- --
€~ 
_l ____ _ 

N2 
Number of Stress Applications, N 

Figure 8. Procedures to predict cumulative loading from 

simple tests. 

FATIGUE PARAMETERS 

a-, 

The general relationship for determining fatigue 
characteristics developed by Cooper and Pell (]]_) 
was used to predict the fatigue life of the asphalt 
layer: 

loge,= ((14.39) · (log V 8 + 24.2) · (log SP; - 42.7- log N)] 

-i- [(5.3) • (logV 8 +8.63) • (log SP; -15.8)] (25) 

where 

maximum allowable tensile strain, in micro­
strain, for N load applications, 
percentage volume binder in the mix, and 
initial Ring and Ball softening point of the 
bitumen. 

The logarithms are to base 10. 

In Equation 25, N corresponds to the number of 
loads determined in laboratory tests. In the origi­
nal equation given by Cooper and Pell the labora­
tory-determined fatigue life had been multiplied by 
a factor of 100 to allow for the influence of rest 
periods (factor of 5) and crack propagation (factor 
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Figure 9. Temperature correction factor for asphalt fatigue life. 

of 20). In the present version of the simu l ation 
program these two factors are input values. 

In connection with the work on the simulation 
program there was an attempt to make a theoretical 
estimate of the crack propagation time in the rela­
tionship 

CP = 1o(N/No-f) • 100 (26) 

where CP is the crack propagation in percent of 
total thickness, and f is the factor for crack prop­
agation. 

To follow the crack p r opagation in the asphalt 
and thus make possible a gradual decrease of the 
modulus, the above relationship has been used in the 
simulation program. The crack propagation factor 
was found to increase with decreasing asphalt thick­
ness. For the AASHO Road Test simulation, however, 
a constant factor of 2.7 has been used. A factor of 
3 has been used for rest periods, giving a combined 
factor of only 8.1 between in situ and laboratory 
determined fatigue life. No factor has been in­
cluded for the lateral distribution of the traffic 
loads. According to Verstraeten et al. (l_!) the fa ..: 
tigue life should be multiplied by a factor of 5 

when the traffic is not canalized. 
To allow for the influence of temperature on fa­

tigue life, the revision suggested by Rauhut et al. 
(35) has been used. Of the temperature-fatigue life 
relationships shown in Figure 9 those resulting in 
the longest fatigue life have been selected and have 
been approximated by three straight lines, shown 
dotted in the figure. The correction factors are 
given below: 

0.1 • lOexp [(T+l7.8)/98.7] forT< 16°C 

0.22 • iO exp [(T-i6)j7.6] for i6°C<T<2!°C 

1.0 • 10 exp [(T-21)/3] for T>21 'C 

CLIMATIC FACTORS 

(27) 

(28) 

(29) 

Clirnai...ic.: Ldc.:Lo1.s a[[~C:L U1~ p1;;;:1[uL111c:tut.;e u[ i.11~ pavt::­
ment in two different ways. The frost and thaw cy­
cles change the bearing capacity of the unbound lay­
ers an~ changes in temperature alter the elastic and 
plastic parameters of the asphalt layer. 

Temperature of Asphalt Layer 

As discussed in the previous chapter the temperature 
of the asphalt layer will influence the elastic mod­
ulus of the material, the plastic strains, and the 
fatigue life and is therefore important for the 
performance of the pavement. For known climatic 
conditions the temperature input could be the mean 
temperature of each week of the year, possibly sup­
plemented by the standard deviations. To reduce the 
amount of input, however, an approximate relation-

ship in the form of a cosine function has been 
chosen: 

(30) 

where 

T1 maximum temperature during the year, in de­
grees Celsius, 

T2 minimum temperature in degrees Celsius, 
U = , week number (counted from New Year), and 

u0 number of weeks from the beginning of the 
year to the week of maximum temperature. 

The temperature found from the above relationship 
is the mean weekly air temperature; whereas the as­
phalt temperature during the daytime hours, when 
most of the 1.nan" arf> applied, is somewhat higher~ 
According to Barker et al. (36), the asphalt temper­
ature, Tasp• may be estimated from the air temper­
ature, Tair• as 

Tasp = 1.2 • Tai,-+ 3.2 (31) 

where temperatures are in degrees Celsius. 

Effect of Frost Melting on Unbound Materials 

If unbound materials are allowed to freeze, the 
pavement may be damaged by frost heave and/or by 
loss of bearing capacity during the frost melting 
period in the springtime. Of these two types of 
distress, the latter is usually by far the mos~ im­
portant and is the only one accounted for in the 
program. This is done by multiplying the modulus of 
each of the unbound materials by a factor R, corre ­
sponding to the frost sensitivity of that material: 

(32) 

where 

R0 minimum factor corresponding to the week of 
thaw, the factor is a function of the soil 
type and the freezing index value; 

number of weeks after the week of thaw; and 
(negative) constant. 

Variations in moduli found from Equation 32 have 
been compared to values reported by Yoder and 
Witczak (]}_) and to values from the AASHO Road Test 
(~) in Figure 10. For the subgrade the factor is 
applied only to the upper part of the subgrade that 
has been exposed to frost. The frost penetration is 
calculated from an approximate relationship devel­
oped from Schweizerische Normenvereinigung (38). 
Expressed in centimeters the frost penetration,~Df, 
is 

Dr= 4.5 , y'lg + U.o , LJ0 (33) 
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where Ig is the freezing index value (°C • days), and 
Do is the pavement thickness in centimeters. Equation 
33 corresponds to silty or clay s-ubgrades with a 
moisture content of 18 to 25 percent and a dry den­
sity of 1.6 t/m'. For materials that are less 
frost susceptible, correct determination of the 
frost penetration is less important. 

LOADING 

The performance of the pavement is affected by the 
number of vehicles, the size of the loads, and the 
speed of the vehicles. In addition to the static 
load, the vibrations of the vehicle will cause a dy­
namic load. The dynamic load will depend on the 
spring and shock absorber system of the vehicles as 
well as on the longitudinal profile of the pavement 
surface. 

Mechanical Analogue 

For loading of the structure a simple mechanical an­
alogue consisting of two systems of mass, spring, 
and shock absorber as shown in Figure 11 has been 
chosen. The lower system (Ml, Kl, and Cl) repre­
sents the mass of axle and wheel, the spring con­
stant of the tire, and the tire damping: and the up­
per (M2, K2, and C2) the mass of vehicle body, and 
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the load transfer red to one wheel, and the spring 
constant of the suspension. All relationships are 
assumed to be linear, but it would not be compli­
cated to introduce nonlinear relationships, e.g., as 
suggested by Osman (12_) and used by Ullidtz (.!Q.) • 

To calculate the force exerted on the surface of 
the road, the wavelength of the vibration of the me­
chanical analogue at the reasonant frequencies must 
be long compared to the distance between two consec­
utive points in which the force is calculated. When 
this is the case the acceleration of the masses may 
be assumed to remain constant between two points. 
In the program a distance of 50 mm is used between 
the points. If the vehicle velocity is low, the 
masses small, and/or the spring constants large, the 
mechanical analogue may only be used if the distance 
between the . points is decreased. 

Loading Time 

The influence of loading time on the performance of 
the asphalt layer is similar to the influence of 
temperature; i.e., elastic, plastic, and fatigue be­
havior are affected. For the unbound layers, on the 
other hand, the loading time has no influence ac­
cording to the material models used in this pro­
gram. The loading time corresponding to the middle 
of the asphalt layer is therefore used and is calcu­
lated on the assumption that the load at that depth 
(hi/2, where h1 is the thickness of the asphalt 
layer) is uniformly distributed over a circular area 
with radius a + h1/2, where a is the radius of the 
contact area between the tire and the road surface: 

(,y = (2a + h 1 )/V (34) 

where ~ is the loading time, and V is the veloc­
ity of the vehicle. In calculating the loading time 
no reduction has been made for the influence of dual 
tires or for lateral distribution of the loads. The 
results, therefore, should be on the conservative 
side. 

Summation of Loads 

For the unbound materials the compaction during con­
struction of the pavement is assumed to correspond 
to a certain number of wheel passes. This is an in­
put parameter: but a value of 1,000, as used in the 
simulation of the AASHO Road Test, appears to give 
reasonable results. 

For the permanent deformation of unbound materi­
als, the summation of loads is restarted at the com­
paction number each time the material has been fro­
zen, i.e., each spring. The large suction values 
during freezing followed by a redistribution of the 
moisture during melting causes a certain remolding 
of the unbound materials. To account for this ef­
fect it is necessary to restart the summation after 
each frost period. All loads are summed for the as­
phalt layer except loads occurring during periods 
when the unbound materials are frozen because the 
load-associated damage to frozen asphalt is negli­
gible. 

PAVEMENT PERFORMANCE 

Calculating Stresses and Strains 

Several programs have been developed during the last 
decade for calculating stresses in layered struc­
tures. Most programs are based on a generalization 
of Burmister' s equations fo_r a two-layered structure 
(.!!) • The programs developed by Chevron and Shell 
are widely used and are capable of calculating the 
stresses, strains, and vertical deflections at an 
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arbitrary point of an n-layer, linear-elastic system 
loaded at the surface. Few road building materials, 
however, are linear elastic; practically all materi­
als have nonlinear stress-strain relationships. 

Finite-element methods {FE methods) ,,::11n h.a 11cod 

to handle this nonlinearity (42-45). Although the 
finite-element method is not e~t~results close to 
the correct values may be obtained provided the num­
ber of elements is adequate. In addition to calcu­
lating stress and strain in nonlinear elastic struc­
tures, the finite-element methods may also be used 
to calculate plastic (or permanent) deformation Cl§). 

Both exact elas~ic theory and finite-element 
method!!I require large digital computero, In deter­
ministic design of road structures this is usually 
not a problem, because only a few structures will 
have to be evaluated; but a stochastic design based 
on a simulation with thousands of calculations would 
be prohibitively expensive. For the purposes con­
sidered in this study calculatio ns must be based on 
simple equations, capable of providing approximately 
correct answers. 

The elastic stresses and strains could be esti­
mated using the methods developed by Westergaard 
(47) for calc ulating stresses in concrete pave­
ments. This has two drawbacks: (a) the subgrade 
condition is unrealistic (a Winkler foundation), 
which is of more importance to a flexible structure 
than to a concrete pavement, and (b) the plastic 
strains cannot be computed. 

Another approach--the one selected for this 
work--is to use a combination of Boussinesq's equa­
tions (48) and the method of equivalent thicknesses 
(.12_, 50) :- This method may be modified to incorporate 
a nonlinear elastic subgrade ( 50) and may also be 
used to· evaluate the plastic deformations. In the 
present version of the program the method of equiva­
lent thicknesses is used to calculate the horizontal 
strain at the bottom of the asphalt layer and to de­
termine the stress field in the pavement. That is, 
when the equivalent thicknesses are known, the 
stresses may be calculated at any point of the pave­
ment. The stresses and strains are calculated as 
components of the loading of both wheels in a dual 
wheel assembly. 

Ca lculati ng Permanent Defol'..ll\ation 

To calculate the permanent deformations the separa­
tive method (51) is used. The stress field i:::: de­
termined by the equivalent thicknesses calculated 
from the elastic parameters. (The increase in per­
manent deformation, lid, between the equivalent 
depths z1 and z2 and caused by the loads from N1 to 
N2 is then found by using the plastic strain-stress 
relationships given in Equations 20 and 21): 

lid ;A. (3P/2rra'f . { [l /2 , <2C-l)J - [1/z2(2C-l)J} 

x [(N~-Nn/(2C-J)] (35) 

when z1 is larger than that depth where the combi­
nation of stress level and ,number of repetitions 
(assuming the same stress level for all loads) would 
cause a permanent strain larger than the critical 
strain, Eo· If the critical depth is larger 
than z2 , the increase in permanent deformation is 
found from: 

lid; A1i8 • B • €
0 

(l-J/ll) • (3P/2rra' f/B 

x{ [J/zf2C /ll -l)] - [l /z/2C/ll-) ] \ • [(N2-N1)/(2C/B-l)] (36) 

VERIFICATION 

The model has been verified by simulating the per-
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formance of the 180 four-layer flexible pavement 
sections in the AASHO Road Test. Details of these 
simulations are given by Ullidtz (52). A typical 
result of the simulation of one of the duplicate 
test sections is shown in Figure 12. The number of 
simulated and measured axle loads required to reduce 
PSI to 2.5 are compared in Figure 13. The same ex­
cellent agreement was found for all other loops and 
a~le loads. Comparisonz cf predicted and actual 
number of loads to cause class 2 cracking are shown 
in Figure 14, and predicted and measured rutting are 
compared in Figure 15, 

The model was used to extend the traffic loading 
over a 20-year period, rather than the 2 years of 
the AASHO Road Test. The results indicate that by 
concentrating the traffic loading into 2 years, the 
AASHO Road Test overestimated the permissible number 
of loads by a factor of about two. (Illinois uses a 
regional factor of about 1.8.) 

Finally the program was used to transfer the 
AASHO Road Test to Danish climafic conditions, where 
winters are somewhat milder and summers are cooler 
than in Illinois. This resulted in an increase in 
the permissible number of loads by a factor of about 
two. 
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CONCLUSIONS 

The computer program described in this paper is ca­
pable of predicting the performance of flexible 
pavements, in terms of roughness, rutting, and 
cracking, as a function of climatic conditions and 
traffic loading. The input to the program consists 
of fundamental material parameters, which may be de­
termined in the laboratory or through in situ test­
ing, and the pattern of variation (autocorrelation 
coefficients) of the parameters along the length of 
the pavement. For each week of the design life of 
the pavement the dynamic traffic loads at points 0.3 
m apart are calculated. Also the reduction of re­
maining life of asphalt and the permanent deforma­
tions of each layer are determined as a function of 
loading and of the seasonal conditions of the pave­
ment materials, 

The model has been verified by simulating the 
perfo~mance of the 180 four-layer flexible pavement 
sections in the AASHO Road Test. Situations where 
the model, with some . modifications, may prove to be 
useful are 

- Determining maintenance or rehabilitation re­
quirements. Past performance of an existing 
pavement is simulated and the future perfor­
mance, after different kinds of maintenance, is 
predicted. In the present program, overlays 
may be applied either as a function of time or 
as a function of pavement condition. 

- Evaluating importance of supervision. The ef­
fects of variations in material parameters or 
layer th'icknesses could be studied. 

- Studying new materials. If the fundamental pa­
rameters of new materials, such as waste prod­
ucts, can be determined in the laboratory from 
dynamic triaxial testing~ the model may be used 
to study the usefulness of these materials for 
pavement structures. 

- Evaluating effects of different truck-wheel ar­
rangements. Size of load, tire pressure, and 
suspension system may be evaluated for differ­
ent pavement structures. With some modifica­
tions the effects of multiple interconnected 
axles may also be evaluated, 

- Transferring experience. The model was used to 
transfer the AASHO Road Test to Danish condi­
tions. Similarly the model may be used to 
transfer experience gained in the Northern hem­
isphere to the varied conditions of developing 
countries. 

Finally it should be mentioned that the program 
could be modified to predict airfield performance 
and evaluate the effects of runway conditions on 
aircraft and passengers. 
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Geogrid Reinforcement of Asphalt Pavements and 

Verification of Elastic Theory 

A.O. ABDEL HALIM, RALPH HAAS, AND WILLIAM A. PHANG 

The idea of reinforcing flexible pavements has existed for some years, and a 
few attempts have been made to use metallic and other materials. These have 
not been effective. Recently, however, a new, high-strength plastic geogrid 
material known as Tensar has become available; and pavement reinforcement 
has been suggested as one of its possible 1:ivil engineering applications . Con­
sequently, the first phase of a research program initiated in early 1981 examined 
the potential of a variety of materials for pavement reinforcement, including 
geogrids . The conclusion was that these materials did indeed offer potential 
and should be further evaluated. A comprehensive experimental program of 
tests of reinforced and unreinforced pavements was carried out in the latter 
half of 1981 and early 1982. Descriptions are presented of the experimental 
and analytical program and the comparative results. The results of the unrein­
forced test sections were used to verify the basic elastic layer theory. The 
analysis shows that the theory provides a reliable tool to predict flexible 
pavement responses under the design load. A calibration factor that includes 
the effect of the dependence of elastic moduli on stress level was suggested; 
the result is a better agreement between predicted and measured values. The 
results show that the plastic geogrid used was effective as a reinforcement, in 
terms of carrying double the number of load repetitions or implying a sub­
stantial saving in asphalt thickness and minimizing fatigue cracking. 

Many existing roads are becoming inadequate because 
of rapid growth in traffic volume and axle loading. 
The escalating cost of materials and energy and a 
lack of resources provide an incentive for exploring 
alternatives in building new roads and rehabilitat­
ing existing ones. Flexible pavement reinforcement 
is one . such alternative. If it could reduce the 
thickness of paving materials or extend pavement 
life and be both cost and performance effective, it 
would be a viable alternative. 

Nonmetallic materials, such as fabrics, have been 
used to a significant degree in some areas of North 
America and claims have been made that these mate­
rials have reinforcement properties. The low 
strength, high extensibility, and low modulus of 
these materials make this doubtful. Moreover, there 

is little if any documented evidence to demonstrate 
that any fabric reinforces a pavement or extends its 
life except in warmer climates, where some fabrics 
may be effective in crack reflection and waterproof­
ing. In view of new technological developments in 
nonmetallic reinforcing materials, however, rein­
forcing flexible asphalt pavements may now be 
worthwhile. The reinforced flexible pavement concept 
described in this paper includes the initial design 
analysis, the experimental program carried out to 
verify the concept, and the analysi..s and verifica­
tion of the elastic layer theory. 

REINFORCED PAVEMENT CONCEPT 

Feasibi l i ty Study 

In late 1980 a comprehensive research program was 
initiated to evaluate existing metallic and nonme­
tallic reinforcing materials , including geotextiles 
(1). It included the design and implementation of an 
experimental program as a cooperative effort between 
Royal Military College (RMC) at Kingston, the Ontar­
io Ministry of Transportation and Communications, 
Gulf Canada Ltd., and the University of Waterloo. 

The primary candidate arising from the evaluation 
was a new high-strength, plastic mesh or geogrid 
material known as Tensar. This material is made from 
polypropylene and is biaxially oriented to give 
strengths on the order of mild steel in both direc­
tions. 

Program Ob j e c ti ves 

The experimental program was carried out at RMC in 
Kingston. The design involved varying thicknesses 
of reinforced and unreinforced full-depth asphalt 
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with va ry ing stre ngths of s ubgrade in a 2 . 4 m x 4 m 
test pit. For each test series, half the pavement 
was reinforced wi t h the plas tic mesh; and the other 
half was not. The main goal of the experimental 
program wa s to thoro ughly investigate, unde r a vari­
ety of controlled conditions , the mechanical beha­
v ior and load-ca rrying c apabilit ie s of f l e xible 
pavements that had been reinforced with the plastic 
mesh. When compared with unreinforced (control) 
sections , the s t r uctural benefits of the r e inforce­
ment cou l d be eva luated. Also, the results of the 
program were to be used t o ver i f y or modify the 
bas ic elastic layer theory and develop initial 
design procedures for reinforced a s phalt pavements. 

Review o f Re inforced Paveme nt 

Many construction techniques use reinforcement ele­
ments strong in tension or bending to enhance the 
strength and stability of other materials; for exam­
ple, steel bars are used to reinforce concrete when 
it is to he subjected to high tensile stresses or 
strains. Pavement reinforcement has usually been 
associated with portland cement concrete (PCC) pave­
ments. Here steel reinforcement holds cracks 
together thereby reducing maintenance and extending 
life. Also, reinforcement elements have been used in 
concrete over"1.ays to prevent reflection cracking 
<1.-2>. 

There has been limited use of reinforcement ele­
ments to provide an adequate tensile strength to the 
asphalt layer (.§-.!!). In most of these investiga­
tions analysts constructed models and conducted 
field trials to assess the effect of using steel or 
fabric materials to improve the tensile properties 
of the asphalt layer (9,10). A better approach 
would be to assess and ;nalyze the behavior of a 
reinforced pavement and use the results as a basis 
for design. The types of results expected from 
these experiments would be 

1. Properties of the reinforcement, 
2. Mechanical behavior of the pavement under 

various conditions of traffic and environmental 
stresses, and 

3. An understanding of the basic mechanisms that 
operate when reinforcement is incorporated in the 
pavement. 

Basis foe th,; E;U>Er imental. Prog.:am 

One of the first steps in this investigation was to 
study the effect of the major variables (_!). This 
analytical phase involved the following steps: (a) 
evaluate available structural theories, select the 
most appropriate one, and modify if necessary; (bl 
apply the selected theory to a range of possible 
design situations for reinforced pavement struc­
tures; (,;:,) identify cdl:ic;,1 strP.sses and strains 
and best location(s) for the reinforcement; and (d) 
assess the compatibility of the reinforcement mate­
rial with asphalt concrete. 

The results were used to plan an experimental 
program . This program was intended to verify the 
basic hypothesis (i.e., that flexible pavements 
could be reinforced effectively) , to provide feed­
back for updating or modifying the analysis, and to 
provide a basis for planning and carrying out full­
scale field trials. The following sections present 
details of the experimental part of the investiga­
tion. 

Transportation Research Record 949 

EXPERIMENTAL INVESTIGATION 

Test Facili t y 

Experimen~al 
test p i t at 
Kingsto n. A 
lows. 

pavement sect ions were constr uc ted in a 
the Royal Mil i tary Col l eg e (RMC) i n 

br i ef description of the facil ity f o l-

Test Pit 

Asphalt pavement sections, reinforced and unrein­
forced (control), were constructed within a 4 m by 
2.4 m by 2 m ueep co11c1ele pit. The test pit 
includes a sump and water distribution system at the 
bottom that allowed the pit to be flooded to any 
desired depth. 

MTS Loading System 

The loading system at the RMC Structural Engineering 
Laboratory includes three independent closed-loop 
electrohydraulic actuators and ancillary equipment 
designed and packaged by Material Testing Systems, 
Co. Ltd. (MTS). For this investigation a hydraulic 
actuator rated at 50 kN (11.25 kips) was used. 

Controlled Variables 

Test Loops 

The experimental program was divided into five 
series of tests, called loops. The test pit was set 
up for each series (or loop) ; half of t he pit was 
reinforced and the other half was left as a con­
trol section. For each loop the asphalt thickness 
and the subgrade condition (either dry or saturated) 
were the controlled variables. Between four and 
nine tests were performed for each loop, and each 
test was performed on a different section of the 
test pit ., 'l'he fi,,e 1nnpie:: .::1ro nAa,..riho~ in 'J1;:1hlo 1 . 

Table 1. Test loops and controlled variables. 

Loop No. 

2 

4 

s 

Test No . 

I 
2 
3 
4 
I 
2 
3 
4 
I 
2 
3 
4 
5 
6 
I 
2 
3 
4 
5 
6 
7 
8 
9 
1 
2 
3 
4 

Asphalt 
Thickness 
(mm) 

150 
I SO 
150 
150 
165 
165 
165 
165 
250 
150 
l )U 
200 
250 
i50 
200 
200 
250 
250 
250 
250 
200 
200 
200 
115 
115 
115 
115 

Subgrade 
Condition 

Dr y 
Dry 
Saturated 
Satura ted 
Dry 
Dry 
Dry 
Dry 
Saturated 
Saturated 
Saturated 
Saturated 
Saturated 
Sallualt:U 
Dry 
Dry 
Dry 
Dry 
Saturated 
Saturated 
Saturated 
Saturated 
Saturated 
Dry 
Dry 
Dry 
Dry 

Description 

Cont rol 
Reinforced 
Reinforced 
Control 
Cont rol 
Reinforced 
Reinforced 
Control 
Control 
Rei nfo rced 
Reinforced 
Co ntrol 
Control 
Reinfor~t:d 
Reinforced 
Reinforced 
Control 
Control 
Control 
Control 
Reinforced 
Reinforced 
Reinforced 
Control 
Control 
Reinforced 
Reinforced 
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Objectives of Test Loops and Testing Sequence 

The main objective of the experimental program was 
to determine and compare the reinforcing effects of 
the geogrid in the asphalt pavement. The design of 
these test loops was conducted in a logical manner 
to assess predetermined parameters related to rein­
forcement evaluation. For example, the first loop 
was designed to compare the behavior and performance 
of the reinforced section with an unreinforced 
section of the same thickness (150 mm) on a weak 
subgrade. Permanent deformation and vertical deflec­
tions were monitored throughout the test until com­
plete failure occurred on the unreinforced section. 

In loop 2, strain carriers were installed at the 
bottom of the asphalt layer to compare tensile 
strain in the critical zone between reinforced and 
unreinforced sections of the same thickness (165 mm) 
on a stronger subgrade. Results of these two loops 
were of major importance because they compare the 
reinforced sections with unreinforced sections under 
identical geometric, loading, and environmental con­
ditions. 

When the first objective was achieved (basic 
comparisons between reinforced and unreinforced), 
the second objective was to find the equivalent 
thickness of the reinforced layer. Loops 3 and 4 
were designed to establish a relationship between 
the thicknesses of the reinforced and unreinforced 
sections. In loop 3 two unreinforced sections ( 200 
mm and 250 mm) were tested against a thinner rein­
forced section of 150 mm on weak subgrade. The 
results of this loop showed that a value of (50 to 
100 mm) equivalent thickness might represent the 
reinforcement effect. 

Based on this finding loop 4 tests were performed 
with an unreinforced section of 250 mm and a rein­
forced section of 200 mm to confirm the minimum sav­
ing value (50 mm). Loop 5 was designed to compare 
the vertical stresses on the subgrade (strong sub­
g rade) for reinforced and unreinforced asphalt sec­
tions of the same thickness (115 mm). Results of 
the five loops are presented later in the discussion. 

Dynamic and Static Loading Patterns 

Reinforced and unreinforced pavement sections were 
loaded through a 300-mm (12-in.) diameter, rigid 
circular plate placed on the pavement surface. The 
loading pulse was sinusoidal with a peak load of 40 
kN for each cycle and a frequency of 10 Hz. The 
loading program was designed to represent typical 
traffic loadings on pavements under operating condi­
tions. The cyclic loading was continued until pre­
selected criteria for failure was reached. 

After certain numbers of selected cycles, dynamic 
loading was discontinued and a static loading 
sequence ( 5 to 10 static cycles) was applied as a 
time lengthened, stepwise approximation of one cycle 
of loading. In addition to obtaining static load 
response per se, this static loading sequence was 
necessa.ry for monitoring the array of displacement 
gauges, strain gauges, and strain carriers in each 
section. During static loading 10 kN increments of 
load were applied, to a maximum of 40 kN, followed 
by smaller decrements to O kN. For loops 4 and 5 
this was changed into a single increment and single 
decrement (0-40-0 kN). Dynamic loading was then 
resumed. 

Test Materials and Preparation of Test 

Subgrade Preparation 

The subgrade for each loop consisted of a 1. 2 m 

57 

depth of medium to coarse sand. The sand was ini­
tially placed in 150 mm lifts and compacted at an 
optimum moisture content of 11.5 percent using a 
plate tamper. Before each loop (or series of tests), 
the original subgrade condition was duplicated by 
removing the top 150 mm of sand, turning over the 
next 150 mm and recompacting in two lifts at optimum 
moisture content. A Troxler nuclear densitometer was 
used to monitor moisture content and compaction. For 
selected tests the subgrade was flooded from below 
to fully saturate the sand up to the sand-asphalt 
interface. 

Asphalt Layer Construction 

For the first 4 loops a local MTC grade HL4 hot-mix 
asphalt was used. A 25 mm lift of hot mix (125°C) 
was first placed on the subgrade for all tests. The 
mesh was then placed on half the pit, and the other 
half was left unreinforced as the control section. 
Next the reinforced and unreinforced halves were 
covered with one additional 50 mm of asphalt and 
compacted using four passes of a plate tamper. Addi­
tional uniform 25 mm to 75 mm lifts were placed and 
compacted to bring the pavement structure to the 
desired thickness. The density of the pavement was 
monitored using a Troxler densitometer to ensure 
uniform asphalt consistency between reinforced and 
unreinforced test sections. Samples of the asphalt 
mix were taken from each loop and analyzed at the 
Gulf Canada Research Centre. 

Tensar Geogrid 

The geogrid material is a 50 mm by 50 mm mesh made 
by stretching both lengthwise and crosswise a sheet 
of polypropylene plastic with holes punched through 
it (Figure 1). The resultant mesh has strands that 
are about l mm thick by 3 mm wide at their narrowest 
and nodes at the junction of strands that are about 
10 mm square and about 2 mm thick. The material 
weighs about O. 210 kg/m', is supplied in 3 m by 50 
m rolls, and is estimated to cost about $2/m'. 
Lighter weights and smaller mesh geogrids are avail­
abl~. It has been termed as a geogrid to differen­
tiate it from the conventional geotextile fabrics. 
Geogrid describes the open mesh structure that 
allows interlocking with surrounding materials 
thereby mobilizing its high tensile strength. 

The type of geogrid used in this research is 
designated as AR-1 by the manufacturer; it has been 
developed to have the following general properties: 

Figure 1. Plastic mesh with strain gauges before placing it in asphalt. 
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1. High tensile strength, 
2. High modulus, 
3. Low elongation, 
4. Biaxial structure (i.e., strength in both 

directions), and 
5. A grid with desired openings (i.e., 50 mm) 

for pavement purposes. 

Strain gauges were bonded to the top and bottom 
of the mesh strands in loops 1, 2, 3, and S. The 
gauges were attached to a wide area of mesh under 
the loading plate to monitor the strains induced in 
the mesh by the loads. 

Instrumentation and Data Acquisition 

The general arrangement 
monitor the pavement 
shown in Figure 2. The 
devices are summarized 

of instrumentation used to 
sections during testing is 
instrumentation and recording 
in the following subsections. 

Actuator 

Strain Gauges 
Asphalt Layer (bondltd 10 me1h) 

.;.J;L.. ::-v- --'l-- ~-r--

Strain 
Carriers 

Subgrada 

Figure 2. General arrangement of the instrumentation. 

Actuator Load Cell and LVDT 

The actuator load cell and linear variable displace­
ment transducer (LVDT) are part of the closed-loop, 
electrohydraulic control system for the MTS actua­
tor. During static load cycles both di vices were 
accessed through the PDP 11/34 computer at pre-pro­
grammed intervals to record plate load and displ ace­
ment (11). 

Strain Gauges 

Foil-type (120 ohm) strain gauges (SHOWA Yll-FA­
S-120) were bonded to the top and bottom of the mesh 
at locations directly below the loacllny pldle dlld dl 
radial distances from the load center. The strain 
gauges were used to record the magnitude and 
distribution of elastic and plastic tensile strains 
generated in the reinforcement elements as a result 
of the loading. 

Strain Carriers 

Mastic strain carriers were supplied by the Alberta 
Research Council. Each unit consists of two (120 
ohm) strain gauges embedded in a 150-mm square by 
12-mm thick mastic plate. The mechanical properties 
of the mastic are compatible with those of the 
asphalt concrete. For each test setup of the last 
four loops, a strain carrier was placed directly 
under the centerline of the loading plate and at the 
subgrade-asphalt interface. This location corres­
ponds to the zone of anticipated maximum tensile 
strains in the asphalt layer. 
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Dial Gauges 

Dial gauges were placed on the rig id loading plate 
and at radial distances from the plate. The dial 
gauges were read during static load cycles and were 
used to determine the elastic and plastic surface 
deflection profile for a given number of load cycles. 

Pressure Cells 

For loop 5 a circular plate pressure cell was 
embedded in the subgrade directly below the center 
of loadinq and was used for each test. It was 
buried about 50 mm below the sand-asphalt inter­
face. Each pressure cell consists of two cylindri­
cal aluminum plates, 133 mm in diameter, fastened 
back-to-back to give a total thickness of 13 mm. 
The plates are in the form of a recessed disc made 
of a 6.5-mm thick annulus surrounding a pressure 
sensitive diaphragm 2 mm thick. A four-arm strain 
gauge configuration (Wheatstone Bridge) is bonded to 
each top and bottom diaphragm of the pressure cells. 

The pressure cells were placed in the subgrade to 
investigate relative vertical stress gradients gene­
rated below the loaded areas for reinforced and 
unreinforced test sections. The pressure cells were 
calibrated in situ before and after the final test 
loop by placing the rigid loading plate at the 
surface of the sand subgrade directly above the 
pressure cell. The pressure cells were monitored 
during static load cycles by using a multichannel 
data acquisition system. 

Failure Criteria 

Certain failure criteria were established as a means 
to compare objectively the performance of the rein­
forced and control sections. Failure was said to 
have occurred if 

1. A permanent deformation ot 3U mm was measqred, 
2. Extensive cracks developed, 
3. A steady increase occurred in the measured 

values of stresses on the subgrade, 
4. Surface deflection increased as much as 20 

percent, or 
5. Horizontal strain at the interface increased 

by 30 percent, 

The values were applied to both control and rein­
forced sections in all loops to determine the number 
of load cycles at which failure actually occurred. 
It was clear from the observations and the test 
results that a number of factors affected the mode 
of failure for each loop. Among these factors are 
the aqe of the asphalt when the test begins, the 
temperature, and the subgrade (dry or saturated). 

It is noteworthy that the failure of the mesh did 
not have to be considered in the criteria because 
the strains on the mesh on all loops did not exceed 
30 percent of its yield strain of 15 percent. 

RESULTS AND ANALYSIS 

The large amount of information collected and analy­
sis conducted makes it impossible to report all 
results and analysis for all loops. The following 
presents some typical results. 

Results of the First Loop 

Results of the first loop showed that permanent 
deformation resistance of the reinforced pavement 
was improved, also, the number of cycles to failure 
were significantly higher. It is important to note 
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that the unreinforced section had failed completely 
at the end of the test (punched through) whereas the 
reinforced section remained together. This latter 
observation suggests that lower levels of tensile 
strain and vertical stress result from using the 
reinforcement layer. This observation was to be 
confirmed in the next test loop. 

Results of the Second Loop 

Similar to loop 1, loop 2 tests were carried out to 
compare the performance of control and reinforced 
sections for the same pavement thickness on a strong 
subgrade, The results are shown in Figures 3, 4, 
and 5 and are as follows: 

1. The total permanent deformation (i.e., pene­
tration of the loaded plate) for the control section 
was higher at the end of the test compared with the 
deformation of the reinforced section at the same 
number of loading cycles. This confirms the results 
of loop 1. 

2. The total number of repetitions of the 40 kN 
load to a limiting deformation of 30 mm more than 
doubled for the reinforced sections (350,000 versus 
150,000), 

3. No significant plastic tensile strain was 
measured at the bottom of the reinforced sections 
compared with the control section (see Figure 5). 
This result confirmed the explanation given for loop 
1 of the low levels of stress and strain induced in 
the reinforced sections. 

4. The value of the elastic tensile strain mea­
sured at the bottom of the reinforced layer was less 
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by more than 30 percent than that for the control 
section. 

5. A highly significant observation was the 
development of tension (fatigue) cracks on the sur­
face of the control sections (initiated at the bot­
tom of the asphalt layer). Clearly, the reinforce­
ment reduces the number and severity of such 
cracks, This observation also confirmed the reason­
ing of the failure mode that occurred in the control 
section in loop 1. 

Results of the Third Loop 

As the results of loops 1 and 2 indicate, the life 
of pavement sections, in terms of number of loads 
carried, can be doubled for the same thickness of 
asphalt if reinforcement is used. Loop 3 was de­
signed to investigate the equivalent thickness of 
asphalt that may be saved by using reinforcement. 
The results shown in Figures 6, 7, and 8 suggest the 
following: 

1. Reinforcement may provide a significant sav­
ing of asphalt thicknesses (between 50 and 100 mm) 
for the conditions of this experiment (Figure 6). 

2. No significant plastic strains were monitored 
in the case of the thinner (150 mm) reinforced sec­
tions, but they were significant on the unreinforced 
sections (Figure 7). 

3. The measured vertical elastic rebound for the 
thinner reinforced section was smaller than the 
thicker (200 mm) control section and slightly larger 
than that of the (250 mm) control section (Figure 
8). This is another indicator that additional 

Mu_, OF LOAD crcus 

Figure 3. Permanent deformation for loop 2-strong subgrade . 
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Figure 4. Permanent tensile strain in the asphalt at bottom of layer for loop 2. 
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Figure 5. Elastic tensile strain in the asphalt at bottom of layer for loop 2-40 kN load. 
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~L _____ _ 
Figure 6. Permanent deformation for loop 3-weak subgrade. 
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Figure 7. Permanent tensile strain in the asphalt at bottom of layer for loop 3. 
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Finure 8. Elastic rebound for loop 3. 

structural strength is added to the thinner section 
by using reinforcement. 

The results of this test loop suggest that a 
minimum saving of asphalt thickness of 50 mm is pos­
sible. Of course this remains to be verified for 
actual field conditions. 

Results of the Fourth Loop 

The results of this loop (200 mm and 250 mm rein­
forced sections with dry and saturated subgrade and 
250 mm unreinforced sections with dry and saturated 
sub,,irade) confirmed the hypothesis of loop 3 that a 
minimum of 50 mm of asphalt could be saved by using 
reinforcement. Also, as can be seen in Figure 9, 
loop 4 strongly confirmed that the elastic tensile 
strains caused by the 40 kN load in the thinner 
reinforced section are less than the strains on the 
thicker (by 50 nun) control section. 

Furthermore, Figure 9 shows two other significant 
differences between the tensile strains measured on 
the reinforced and unreinforced pavements. First, 
the unreinforced pavement showed a higher value of 
residual strain or creep (Ep in Figure 9-b ) which 
explains the cause of the higher value s for 
permanent tensile strain on this section. Second, 
the compressive strain on the unloaded adjacent 
reinforced section was higher than that measured on 
the unloaded adjacent control section under similar 
conditions (almost double). This difference is prob­
ably caused by the interaction between the asphalt 
layer and the geogrid reinforcement. Of course this 
adds to the structural strength of the reinforced 
pavement. 

Results of the Fifth Loop 

The last loop featured pressure cells under each 
test section to monitor the vertical stresses 50 mm 
under the subgrade interface. The presence of these 
cells (155-mm diameter aluminum plates) affects the 
values of the permanent deformation because they act 
as additional reinforcement for the subgrade layer. 
However, the major objective of this loop was to 
monitor the vert i cal stresses under the loaded sec­
tions and to use the data in subsequent analyses. 

Figure 10 shows the relationship between the 
ratio of the measured stress for the control section 
to the reinforced section versus number of cycles. 
rt clearly shows that the subgrade stress is 30 to 
40 percent higher under the control (unreinforced) 
section. 

Comparison of Results 

The results of the experimental program have clearly 
demonstrated significant differences in the perfor­
mance of the reinforced and unreinforced sections. 
Results of loops l and 2 indicate that reinforced 
sections of the same thicknesses would carry more 
than double the number of load cycles to failure 
compared to the unreinforced sections. The rein­
forcement reduces the elastic tensile strain at the 
bottom of the asphalt layer by about 30 percent. 

Cracks were observed early on the unreinforced 
sections and progressed into severe cracks on the 
surface. On the other hand, very few (hairline) 
cracks were observed on the rein-forced sections at 
the end of the loading cycles. Two unreinforced 
sections, one in each loop, were punched through, 
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Figure 9. Tensile strain pulses for loop 4-weak subgrade , 
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whereas the reinforced sections held together even 
after higher numbers of load cycles. 

percent compared with the strains under the thicker 
unreinforced layer. 

Results of loops 3 and 4 suggest that a possible 
saving of between 50 to 100 mm of a sphalt material 
can be obtained by reinforcing the thinner sec­
tions. In loop 3, a comparison between the 150 mm 
reinforced and 200 mm unreinforced sections shows 
that the thinner reinforced section is significantly 
stronger than the unreinforced section. The results 
of this loop suggest that a reinforced section can 
be 50 mm thinner than an unreinforced section and 
still show less permanent deformation and less per­
manent tensile strain under a higher number of load 
cycles than was applied to the thicker unreinforced 
section. Furthermore, the presence of the mesh in 
the thinner sections of loops 3 and 4 resulted in 
reducing the elastic tensile strain by about 20 

A comparison of the 150-mm reinforced section 
with the 250-mm unreinforced section of loop 3 shows 
that the maximum possible saving of asphalt material 
under the circumstances is about 100 mm. Although 
the elastic rebound of the 250-mm unreinforced sec­
tion was less than the elastic rebound of the 150-mm 
reinforced section, the reinforced section performed 
better as far as the permanent tensile strain and 
fatigue cracks were concerned. 

The results of loop 5 help to explain the find­
ings of the previous loops. As shown in Figure 10, 
the ratio between the vertical stresses on the sub­
grade under the unreinforced sections were 30 to 40 
percent higher than the stresses under the rein­
forced sections. This difference is explained by 
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the effect of the reinforcing mesh. The vertical 
stresses will be distributed on a larger area under 
the reinforced section, resulting in less pressure 
on the subgrade. This difference can be further 
explained by Figure 11 where deflection bowls at 
different load cycles are shown for the re i nforc ed 
and unreinforced section in l oop 2. The following 
differences are apparent: 

1. The 
reinforced 
forced. 

spread 
section 

of 
is 

the deflection 
larger than for 

bowl 
the 

for the 
Unrein-

2. The slope of deflection bowl for the unrein­
forced is steeper than the slope of the deflection 
bowl for the reinforced section suggesting higher 
values for shear and vertical stresses. 

3. Fatigue cracks developed on the unreinforced 
section resulted i n a smaller area of stress distri­
bution and h i gher str.ess values (105 cycles). 

Table 2 summarizes some selected results of the 
five loops. 

VERIFICATION OF THE ELASTIC LAYER THEORY 

The experimental program also provided the opportun-
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i ty to examine the validity of the elastic layer 
theory under simulated field conditions, similar to 
those assumed in the theory itself. Furthermore, it 
provided sufficient data to verify asphalt pavement 
responses (elastic deflect i ons, horizontal tensile 
s trains, and vertical stresses) when subjected to a 
wide range of variables. Therefore, the results of 
this program were used to verify the application of 
a selected elastic layer model to predict responses 
of the unreinforced pavements. 

A multilayer elastic model, BISAR, (.!1_) was used 
in the analysis to predict surface deflections, hor­
izontal strains, and vertical stresses for the 
tested sections. The predicted values under the 
maximum load (40 kN) compared well with the measured 
values. However, there was experimental evidence to 
suggest that elastic moduli of pavement layers 
depend on the level of stress imposed on the 
layers. Cali br a tion factors were established to 
modify the moduli so that better agreement is 
reached between the predicted and measured data. 

An iterative technique was used for the analy­
sis. For example, the analysis started with using 
an average value for the elastic modulus of the sub­
grade (based on test measurements). With this value 
and the measured surface deflection for the section 

} - 75h,m __ __ _ ~ - _ 150- .,-

-- --::. - ;:==I---
Reinforced 

---

+~------­--........ 
.... , 

' ' ' 
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Figu, e 11. Surface deflection bowls of unreinforced and reinforced section, for loop 2. 

Table 2. Summary of selected results. 

Permanent 
Total Tensile 

Thickness Total No. Penetration Strain 
Loop No. Section (mm) of Cycles (mm) (µ€) 

Control 150 100 ,000 53.0' 
Reinforced 150 100 ,000 37.0 

200 ,000 76 .0 
2 Control 165 150 ,000 30 .0 760 

Reinforced 165 350 ,000 27.1 140 
3 Control 255 11 3,500 31.8 735 

Control 200 37 ,500 29.3 700 
Reinforced 150 90 ,000 29 .7 0 

4 Control 255 135,000 15 .0 710 
Reinforced 200 135,000 13.0 180 

5 Control 115 300,000 10.2 880 
Reinforced 11 5 300 ,000 6 .8 80 

a This sec lion punched through at J 00,000 cycles . 
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considered, an initial value for the elastic modulus 
of the asphalt layer can be obtained as shown in 
Figure 12. The relationships shown in the figure 
were obtained using the elastic layer program; 
BISAR, for different thicknesses and elastic 
moduli. Using these initial values of the moduli as 
input into the program (along with the other elastic 
constants, thicknesses, number of layers, and load 
value), the stresses, strains, and deflections in 
each layer were computed. The iterative process was 
carried out, by choosing new values of the moduli 
for both subgrade and asphalt, until the difference 
between the predicted and measured values of surface 
deflections and horizontal strains were less than an 
acceptable value. The highest number of iterations 
found necessary was seven. The results of this 
analysis are discussed below. 

Comparison of Deflections and Strains 
Under Maximum Load ( 4 0 kNJ 

This comparison is important because most flexible 
pavement design methods adopt surface deflections 
and horizontal tensile strain as criteria for 
design. As can be seen in Table 3, the predicted 
values of maximum surface deflection and horizontal 
strain at the bottom of the asphalt layer are very 
close to the measured values. 

Comparison of Deflections and Strains 
Under Different Load Values 

The results of calculated deflection and strains 
that assumed constant values of elastic moduli were 
found to differ from the measured values under dif-
ferent loads. The discrepancy was more pronounced 
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on the thinner sections than on the thicker ones. 
Perhaps this can be explained by the fact that under 
the small-load value (10 kN), the effect of the dead 
weights of the loading system and the asphalt layer 
(which were ignored in the analysis) represent a 
significant portion of the actual loading at this 
small-load value. Obviously this weight would have 
more effect on the thinner and weaker sections than 
on the thicker and stronger sections. This explana­
tion is supported by results of the tests shown in 
Table 4. (The a ifference is higher for the 165 mm 
and 200 mm compared to the 250 mm section--26 per­
cent, 32 percent, and 10 percent, respectively.) 
However, the problem was minimized by introducing 
calibration factors derived from the measured data. 
This was done first by using the following model to 
derive the appropriate moduli: 

Ep =E0 [I +sin(C+2.06P)] .,, I (I) 

where 

Ep is the elastic modulus of the asphalt or 
subgrade layer under load P (kN) in MPa, 

E0 is initial value of elastic modulus of the 
layer in MPa, 

C is constant and was found to be equal to 28, 
and 

P is the applied load in kN. 

The value of E0 was calculated using the values of 
Ep for p = 40 kN found in Table 4. The plot in 
Figure 13 shows the relationship given by the model 
in Equation 1. Because the values of Pin the exper­
imental program were fixed at 10, 20, 30, and 40 kN, 

Subgrade 
Modulus 

Es• 
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34.60 
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345 690 1035 1380 1725 2070 2415 2670 
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Figure 12. Computed relationships between deflection and elastic moduli for asphalt thickness of 
165 mm. 

Table 3. Comparison of measured and predicted deflections and strains under maximum load (40 kN). 

Measured Predicted 

Asphalt Subgrade Tensile Tensile Error(%) 
Thickness Modulus Modulus Deflection Strain Deflection Strain 
(mm) (MPa) (MPa) (mm) (mm) (mm) (mm) Deflection 

115 2,997 33.3 1.57 605 1.54 589 2.0 
165 1,399 23.3 1.81 680 1.80 715 1.0 
200 965 17 .6 1.98 805 2.05 765 4.0 
250 1,233 15 .2 1.69 440 1.70 452 1.0 

Strain 

3.0 
5.0 
5 .0 
3.0 
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Table 4. Comparison of deflections and strains under different load values 

Calibration Asphalt Subgrade Measured 
Load Factor, Modulus, Modulus, Thickness 
(kNl Fp E.,=FpxE.10 Ep=FpxE40 (mm) Defle~tion 

JO 0 .905 l ,266 2 1 .I 165 0.54 
20 1.000 1,399 23 .3 0 .97 
30 1.034 1,447 24.4 1.34 
40 1.000 1,399 23.3 1.81 
JO 0.905 873 15 .9 200 0 61 
20 1.000 965 17.6 1 08 
30 1.034 998 18.2 1.51 
40 I .000 965 17 .6 1.98 
JO 0.905 1,116 13.8 250 0.51 
20 1.000 1,233 I 5.2 0,93 
30 1.034 I ,275 15 .7 1.31 
40 1.000 1,233 15 .2 1.69 

JO 40 50 60 

EOUNAU#1.HEEL LOAD, I' /tll/J 

Figure 13. Relationship between elastic modulus of asphalt or subgrade 
(Ep) and the load (P). 

it was easy to derive the following formula from the 
suggested model, 

where 

is the calibration factor obtained from 
the model and equal to 0.905, 1.000, 

(2) 

1.034, and 1.000 for 10, 20, 30, and 40 kN, 
respectively: 
as defined before: and 
is the elastic modulus used in the analysis 
for 40 kN. 

The analysis assumed that the modular ratio of 
the two layer system at any load is the same as the 
ratio used in the analysis at 40 kN. The results of 
the analysis that considered variation in the 
elastic moduli were compared with the measured 
values and with the results of the analysis that 
assumed fixed elastic moduli (E40). As can be 
Ileen from the compar i11on given in Table 4, the us;e 
of the calibration factors significantly improved 
the predictions of the model in most cases. 

Significance of the Analysis 

The analysis indicates that elastic layer theory is 
an acceptable tool to predict and analyze flexible 
pavement behavior. It also shows that adopting sim­
ple modifications, such as calibration factors to 
establish stress dependency for the elastic 
analysis, is more efficient and less time consuming 
than using other more sophisticated models. An 
interesting observation is that this variation of 
the theory was found to occur for the lower level of 
loading which in most cases is not of major concern 
in flexble pavement design methods. Finally, the 
most important finding of the study is that if the 
elastic constants of pavement layers can be 
determined acCl1rate l y enough, the elastic laye r 

traill 

243 
358 
475 
680 
282 
475 
622 
805 
122 
217 
315 
440 
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Predicted E40 Predicted Ep Error E40 (%) Error Ep (%) 

Def!i:ctiori Strain DeflPr:tinn Strnin Orflrction Strain Derlection Strain 

0.45 179 0.50 200 17.0 26 .0 7.0 17.0 
0 90 358 0 91 358 7 .0 00 7 0 00 
J.35 536 1.30 518 1.0 13 .0 3.0 9,0 
I.BO 715 I.BO 715 1.0 5.0 1.0 5.0 
0 5 I I 91 0 ,58 215 16 0 32 0 5,0 24 .0 
1.03 382 1.03 382 5 .0 19.0 5 0 19.0 
1.54 573 1.49 555 2.0 8.0 2.0 JO .O 
2.05 765 2.05 765 4.0 5.0 4.0 5.0 
0.42 110 0.47 125 I 7.0 10.0 7.0 2.0 
0.85 226 0.85 226 9.0 4.0 9.0 4.0 
I 27 330 1.23 328 3.0 5,0 6.0 4.U 
1.70 452 1.70 452 1.0 3,0 1.0 3.0 

theory could predict reliabl::, pavement deflections 
and horizontal strains. 

CONCLUSIONS 

This paper presents a new, effective method of rein­
forcing asphalt pavements by using a new, nonmetal­
lic high-tensile-strength geogrid. rt also presents 
a methodology for testing, comparing, and analyzing 
the behavior of both reinforced and nonreinforced 
flexible pavements. 
are provided to the 
elastic theory and 
design methods. 

In addition, important answers 
question of the validity of the 
its use in flexible pavement 

In view of the worldwide emphasis on energy 
conservation of resources, reinforced flexible pave­
ments offer a promising alternative to conventional 
designs. The potential of this new technique can be 
summarized as follows: 

1. Substantial thickness savings of asphalt 
material, or 

2. Up to double the nnmha,.- of l oad r~peti­
tions, and 

3 Prevention or minimization of fatigue cracks 
in the asphalt layer. 

This potential of reinforced flexible pavements 
suggests that developing a construction technology 
for field installation and full-scale field trials 
to verify the findings of the experimental program 
would be worthwhile. 
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