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A PRELIMINARY EVALUATION OF PAVED AND UNPAVED ROAD PERFORMANCE IN BRAZIL 

Alex T, Visser, Austin Research Engineers 
Cesar Augusto V. de Queiroz, Brazilian Road Research Institute 
Barry Moser and Leonard Moser, Texas Research and Development Foundation 

The study of unpaved and paved road performance was 
a principal part of the "Research of the Interrela
tionships of Road Construction, Maintenance and 
User Costs" conducted in Brazil during the period 
1975 to 1979. The paper outlines the experimental 
design methodology and measurement techniques for 
the pavement and maintenance studies. Preliminary 
results of the performance of unpaved and paved 
roads, monitored on 30 unpaved sections and 65 
paved sections in Brazil, are discussed. Equations 
predicting roughness, rut depth and gravel loss, 
are presented for unpaved roads. These performance 
parameters are a function of average daily traffic, 
horizontal alignment, vertical geometry, wearing 
course material type, maintenance and wet or dry 
season, Preliminary findings of analyses of rough
ness and rut depth on paved roads are also discuss
ed. 

The complexity of the road network/traffic load 
dynamic system has caused engineers and planners to use 
piecewise solutions to this overall systems problem. 
Part of the problem was the lack of information on the 
costs of the components of highway transportation, i.e., 
the costs of highway construction and highway mainte
nance and user costs. This is a problem which has con
fronted governments of developed and developing coun
tries alike, as well as major financing agencies such 
as the World Bank, The current research project in 
Brazil was planned to respond to these needs and is 
sponsored by the Brazilian Government with aid from the 

~~~~~~; 1·n-i1:-ed- N,n::itrr:n,ileve-l-opmern:--PrOE 
The minimization of total transportation costs may 

be achieved by the type of model shown in Figure 1 (.!). 
In the overall model pavement performance plays an in
tegral and important role because it influences all the 
cost components of the highway model. 

In the past many paved road performance relation
ships were developed in the United States (2), Canada 
(3) and Europe. These relationships are applicable to 
c'a"untries with well developed transportation systems, 
with temperature climates and pavement materials which 
are derived from alluvial or glacial deposits. Consi
derable uncertainty exists in translating these rela
tionships directly to developing countries, particular
ly those in the tropics, where pavements are construct
ed with materials which have been influenced by tropical 

weathering. With the exception of the Kenya Study 
(4), relatively little recent research has been con
d"ucted on the performance of unpaved roads, which 
constitute the major proportion of the road network 
in developing countries. Thus a major aspect of the 
study in Brazil was to study unpaved,as well as 
paved,road performance and behavior. Elements of 
pavement performance and behavior which are address
ed in this preliminary evaluation of the results are 
roughness, rut depth, gravel loss and loose material 
on unpaved roads and roughness, rut depth, and crack 
ing and patching on paved roads. 

Design of Experiments 

The experimental design matrix for the study of 
unpaved roads includes four factors. These were 
average daily traffic, vertical alignment and hori
zontal curvature at two levels, and surface type at 
three levels, as is shown in Figure 2. The surface 
type materials studied were laterite, quartzite and 
sections without a surfacing, whose material was de
fined as containing more than 35 percent material 
passing the 0.074mm sieve. Besides the 29 sections 
in the main factorial, a further 19 sections were 
studied at intermediate levels to permit curvature 
relationships to be developed in regression anal
yses, 

All the sections were used to investigate their 
performance under minimal maintenance, i.e., the 
Resident Engineers were requested to withhold blad
ing as long as was feasible. In addition to this 
Va1:tI1fti-OU, :0-s e-cr:i1>'!l~ Cl l>'S1a""j)YOX1mi"'ty-i:o- .!tralrt-

1 i a for which more than one year's data had been 
collected under the minimal maintenance conditions, 
were selected to study the influence of maintenance. 
Each section was divided into two subsections; one 
subsection was bladed every two weeks and the other 
subsection every six weeks. Thus, in effect three 
maintenance policies were investigated. 

Based on previous studies (4), (5) six factors 
were selected for study on paved road s - surfacing 
type, base type, average daily traffic (ADT), state 
of rehabilitation, age of the original surfacing or 
overlay with asphaltic concrete and vertical align
ment. The paved road experimental design matrix, 
contains the six factors at two levels. Figure 3 
shows the matrix and the section numbers in the 



Figure 1. Flow chart for highway 
cost model (.!_) 

Figure 2. Unpaved road design 
matrix 
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Figure 3. Paved road design matrix 
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Figure 4. Roughness data points and prediction of 
roughness over time for section 303 
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cells which were filled. In addition to the main fac
torial, which contains 44 sections, a further 22 sec
tions were selected at intermediate levels of the fac
tors to investigate curvature relationships in the re
gression. 

High and "nil" levels of maintenance were studied 
on paved test sections. Each section was divided into 
two; on the one subsection only filling of potholes was 
permitted and it was called the "nil-maintenance" sub
section. A high level of maintenance on the other sub
section required cracks to be slurry sealed, bad base 
deformations excavated and replaced and potholes exca
vated to a regular format and filled with an asphaltic 
mix. 

Measurement Techniques of Dependent Variables Studied 

Roughness 

Two instrumentation systems were used to measure 
roughness in Brazil - the Maysmeter and the G.M. Profi
lometer. The Maysmeter is a simple, low-cost instru
ment designed for installation into a passenger vehi
cle, capable of producing an acceptable measure of 
roughness while traversing a road section at a normal 
vehicle operating speed. The Profilometer is a sophis
ticated and expensive device that accurately measures 
the profile of the road surface over which it passes. 
The principal function of the Profilometer, was to pro
vide a basis for calibrating the Maysmeters. The Pro
filometer contains a custom built computer which simu
lates the passage of a quarter of a car, consisting of 
a body mass, tire, shock absorber and spring system, 
and it summates the movements of the body relative to 
axle as it passes over the measured road profile. This 
output from the Quarter-Car-Simulator (QCS) is termed 
the quarter-car index (QI) and has units of counts/km. 
A very smooth, newly constructed asphaltic concrete 
would have a QI value of less than 30, whereas a very 
rough unpaved road would have a QI greater than 200. 

Calibrating the Maysmeters is essential since nu
merical values of roughness generated by the Maysmeter 
are very sensitive to the vehicle, as well as to the 
condition of tires, shock absorbers and springs. A 
set of 20 paved road sections which cover a range of 
roughness, were used to calibrate the Maysmeter accord
ing to the methodology developed in Texas (6). This 
ensured that results obtained with any of the Maysme
ters in use on the Project, at any time, were compati
ble. This compatible roughness output, through a cor
relation with QI, is designated by QI* in counts/km. 

Roughness results with the Maysmeter were collected 
by traversing each pavement study section three times, 
in each direction. On paved roads the test speed was 
standardized at 80 km/h, whereas on unpaved roads the 
speed had to be selected consistent with the road con
ditions. The highest of three possible speeds, 80 or 
50 or 20 km/h, that would not cause damage to the equip 
ment, was selected. Since the Maysmeter-QI relation- -
ship is sensitive to speed, the results obtained at al
ternative speeds were standardized to 80 km/h in accor
dance to relationships presented in (7). Measurement 
frequency was about four to six month's° on paved roads, 
two to three weeks on unpaved roads used in the minimal 
maintenance program, and every two to three days on the 
high frequency maintenance sections. 

Rut Depth 

An AASHO type rut depth gauge with a base length of 
1. 22 m (4 ft), which is only supported at the two ex
tremes, was used on paved roads. On unpaved roads, be 
cause of accentuated influence of localized depres- -
sions on the readings, a cross-bar was fitted to act 
as a base to the A-frame. The apparatus is graduated 

to read rut depth with an accuracy of 1 mm. On pa~ 
ed roads rut depths were measured at four to six 
month intervals. On the unpaved roads, in the mini 
mal maintenance program, rut depth was measured at -
two to three week intervals, and every two to three 
days on the high-frequency maintenance sections. 

Gravel Loss 

Regravelling is the most expensive single mainte 
nance operation on unpaved roads, and it may be co~ 
pared to overlaying a paved road in importance. Pre 
diction of gravel loss was thus an important objec-=
tive of this study. The methodology adopted was 
similar to that developed in Kenya (4). A grid of 
points 1 m apart across the road's width, and 5 m 
apart along the length of the road, was levelled at 
three monthly intervals relative to fixed bench
marks. Consequently the change in height of the 
grid points relative to the benchmarks was calculat
ed over time, which, when averaged, represents a 
change in level of the road surface, which is the 
thickness of gravel lost. Since the benchmarks were 
fixed in the subgrade, they accommodated settlement 
of the section. 

Loose Material on Unpaved Roads 

In the Kenya study (9) the presence of loose ma
terial on unpaved roads was found to have an influ
ence on fuel consumption. Additionally, loose mate
rial could be a predictor of gravel loss. Loose ma
terial, in millimeters, was determined by dividing 
the volume of loose material collected by the area 
over which it is collected. A steel frame, 1 m by 
0,25 m, was used to delineate the area. Looseness 
measurements were taken across the road per 1 m 
width at two transverse sections within each subsec 
tion. A wire brush was used to sweep the material
together, which was. then poured into a measuring 
cylinder. Moisture contents of the loose material 
at each transverse section was determined in the la
boratory. These measurements were taken about every 
two to four weeks. 

Cracking and Patching 

A technique (8) was developed to survey the com
plete section and-to plot the defects and cracks on 
a map of the section. In this way progression of 
the deterioration can be followed. An AASHO type 
classification of the cracks was adopted as shown in 
Table 1, but the classification'was increased to in
clude class four cracks which represent cracks in an 
advanced state of deterioration. Condition surveys, 
which consisted of delineating and mapping each area 
of each crack class were carried out at about four 
to six month intervals. The results of the condi
tion survey were also used to trigger maintenance. 

Table 1. Definition of classes of cracks 

Class of crack Description 

Class 1 Very fine cracks with a 
width of less than 1 mm 

Class 2 Cracks with a width of 1 mm 
to 3 mm 

Class 3 Cracks with a width greater 
than 3 mm 

Class 4 Any width of crack which 
exhibits ravelling (deteri-
oration) of the edges 



Measurement Techniques of Covariates Studied 

Besides the dependent variables, which are those 
variables for which prediction expressions are desired, 
and the factors of the design matrix, which are inde
pendent variables with readily determinable values, 
there are covariates, which are independent variables 
whose values are not readily controlled, and which 
could have an influence on the dependent variables. 
The covariate data collected on unpaved roads included 
material characteristics, number of days since last 
blading, blading period number since start of observa
tions and season. In the study area there are two dis 
tinct seasons, the dry season and the wet or rainy -
season. Generally the dry season is from beginning 
April to the end of September when hardly any rain 
falls, and the wet season extends from beginning Octo
ber to the end of April when almost all of the annual 
rainfall of about 1600 mm falls. On paved roads the 
covariates were cumulative equivalent axles, pavement 
structural number and pavement deflection. 

Cumulative Equivalent Axles 

Traffic counts as well as axle weights were requir 
ed to develop cumulative equivalent axles. Historical 
traffic classification counts were obtained at each 
section. Where unavailable, this data was collected 
during the Project's duration. Exponential curves, 
using least square techniques, were fitted to the his
torical vehicle classification counts to facilitate 
later computations. 

Axle weights were measured with a weigh-in-motion 
(WIM) system and portable scales. The AASHO axle equi 
valency factors for a structural number of 2.0, were 
used for single and tandem axles. Results presented 
in (10) were used for the equivalency factors of 
triple axles, i.e., three axles in a group. Thus on 
each section the average number of equivalent axles 
per vehicle for each vehicle class was calculated in 
both directions. In the calculation of the average 
number of equivalent axles per vehicle, it was assumed 
that axle weights for each vehicle class on the sec
tion had not changed since the road was constructed. Ve 
rification of replicate results collected two years 
apart showed that the axle weight distribution was 
constant, except when mining or heavy industries were 
newly located in the region served by the road. Com
bining the traffic flow relationship for a specific 
vehicles class with the average number of equivalent 
axles per vehicle permitted the calculation of cumula
tive equivalent axles to correspond to the time when a 
roughness measurement or condition survey was carried 
out. 

Pavement Structural Number 

At each section three test pits were opened. Lay
er thicknesses, in-situ CBR and in-situ density were 
measured and samples taken for the standard laboratory 
tests on soil samples. The resilient modulii were 
measured by means of the indirect tensile test on the 
asphaltic concrete samples (11). Structural coeffici
ents of each layer were related to strength measure
ments through relationships presented in the litera
ture (4 and 12) and which were adapted to local condi
tions.- The structural coefficients (a.) per inch used 
are as follows: i 

a
1 

0.10 for surface treatment 

al 0.18 for as pha ltic concretes 

0.46(1-e-O,OOOOB4~30) for asphaltic concretes 
with a thi cknes s greater than 3 cm 

Where ~ 30 
the resilient modulus at 30°c in 
kgf/cm2 

(29.14CBR-0.1977CBR2+0.0004scBR3)x10-4 
for base courses 

a
3 

O.Ol+0.065 log
10

CBR 

for sub-base layers or selected subgrade 
with an in-situ CBR greater than 40. 
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The structural number SN was calculated by sum
ming the products of structural coefficient (ai) 
and layer thickness (ti) e.g. 

SN = l:a. t. 
]_ ]_ 

The structural number was corrected to allow for 
the structural support of the subgrade as follows: 

1 2 
SN = SN+3.51 lo~

0
CBR-0.85(lo~

0
CBR) -1.43 

Deflection 

Deflections, which could be used as a surrogate 
of strength, or as a measure of variability of cons
truction of the section, were obtained with the Ben
kelman Beam and with a Dynaflect. The measurements 
were usually made at 10 points in each wheelpath in 
each direction on each subsection. The Benkelman 
Beam rebound deflection was measured under a stand
ard 40 kN dual wheel load using 2:1 ratio beams. 
Measurements with both instruments were obtained 
every six to nine months. 

Presentation and Discussion of Results 

Table 2 shows the mean, standard deviation and 
range for the independent and dependent variables 
used in the unpaved and paved road analysis. The 
statistics for gravel loss on unpaved roads are not 
shown, since these are a rate, and cracking ranges 
from uncracked to the complete area cracked. Since 
large changes in the cracked condition occur summary 
statistics have little meaning. 

Analysis of Unpaved Road Results 

Roughness on Unpaved Roads. Roughness data 
from 30 unpaved sections which had lateritic and 
quartzitic gravel wearing courses were analyzed. 
Two regression equations were developed. The first 
predicts roughness as a function of time within a 
blading period given the roughness after blading. 
The second predicts the roughness after blading. 

The following equation was developed for predict 
ing roughness (QI*) given the roughness after blad-
ing. 

loge(QI*) = logeF + D(0.00461 + 0.00477T + 

0.00094G + 0.0000052ADT + 0.9832/R -

0.005777S - O.OOOOOSST.ADT + 0.003792T.S -

0.0000424T.F - 0.1871G/R - 0.00000535G.F -

0.0081F/R) (1) 

Where 

D 
F 

T 

G = 
ADT= 

R 
s = 

number of days since last blading 
roughness after blading (the first observed 
roughness after blading was used to develop 
equation 1) 
type of gravel wearing course: 
laterite: T = 0 
quartzite:T = 1 
absolute value of grade, in percent 
average daily traffic in both directions 
radius of curve, in m 
season, dry season S = O; wet season S = 1 
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The mean square error of the model is 0.031. 

The mean roughness measurements per observation 
date of section 303 over a one year period are shown in 
Figure 4 together with the roughness prediction obtain
ed from equation 1. In each case the first observed 
roughness after blading was used as input for F. 

Roughness measurements were seldom taken immediate
ly before or after blading. Therefore, equation 1 was 
used to predict the roughness immediately before and 
after blading from the first observation after blading 
and the last observation before blading respectively. 
The predicted values were used to develop the follow
ing model for roughness after blading. 

F = 31.0 + 18.7T - 1.84G + 0.0392ADT + 14.3S + 

554.7G/R + 2330.6S/R + 0.2726L (2) 

Where 

L = roughness before blading 

The mean residual and the mean square error of 
equation 2 vary for different levels of L. For L less 
than or equal to 140 the mean resid~al, µE, equals 
-11.7 and the mean square error, aE, equals ~01.3. 
For L greater than 140, µE equals 9. 9 and a equals 
1971.6. E 

A series of roughness curves over time for four 
typical combinations of significant factors are shown 
in Figure 5. The roughness after blading at the start 
of the exercise was assumed to be 80. Equation 1 is 
then used to generate the roughness values until the 
first blading. The value for Fused in the next blad
ing period was then calculated in the following way: 

F = F' + (µ ± ZcJ ) 
E E 

Where 

F' = the first roughness 
µE mean residual 

from equation 2 
Z normal (0,1) value 
a£ standard error 

of equation 2 

(3) 

predicted from equation 2 
~-11.7 if L ~ 140 
t 9.9 otherwise 

= ~ 24.5 if L < 140 
t 44.4 otheiiise 

This procedure was then repeated for each blading 
period. A distribution was used for the calculation of 
F since its value enters into equation 1 in a non-lin
ear manner. 

Equation 1 predicts that the increase in roughness 
with time within a blading period during the wet sea
son is less than during the dry season. Under certain 
combinations of the significant factors during the wet 
season the road may in fact become smoother with time. 
This is caused by drivers avoiding puddles and thus 
following a path through the section which meanders 
but avoids depressions. Roughness measurements wer; 
taken in the most prominent wheelpaths where the rough 
ness was lower than the route through the depressions-:
Road width and traffic volume could influence this re
lationship, but even on the most heavily trafficked 
sections the road was sufficiently wide to permit mean 
dering. 

Rut Depth on Unpaved Roads. For the development of 
the models for the prediction of rut depth on unpaved 
road sections 30 test sections with laterite or quart
zite wearing course gravel were used. 

The data were analyzed in two stages. In the first 
s~ag~ the time effects on the change in rut depth, in 
millimeters, were considered and the following equation 
was developed: 

6 log/rut depth) = D (0. 004 81 + 0. OOOOlADT -

0,6663/R - 0.02496S - O.OOOOlADT.T + 

0.002749T.L + 0.01289S.T - 4.9024S/R + 

0.004371S.G) (4) 

Where 

D = number of days since last blading 
average daily traffic in both directions 
radius of curve, in m 

T 

absolute value of grade, in percent 
season; dry season: S=O; wet season: S=l 
type of gravel wearing course; 
laterite: T=O; quartzite: T=l 

L lane; downhill lane: L=O; uphill lane: L=l 
The mean square error of the equation is 0.125. 

Equation 4 was then used to calculate the rut 
depth values at time zero for each observation, in 
the following way: 

loge (rut depth for D =O) = loge (rut depth at 

D) - 6loge (rut depth at D) 

The following equation was calculated for the 
mean rut depth, in millimeters, for D=O: 

Mean loge (rut depth for D=O) = 1.447 + 

0.726T + 0.00149ADT + 114.3/R - 0.1198WP + 

l.021S - 106.3T/R - 0.5920T.S -

0.2093ADT/R.+ 0.00081ADT.S - 0.0893S.G (5) 

Where 

WP= wheelpath; external wheelpath: WP=O; 
internal wheelpath: WP=l 

The mean square error of the equation is 0.244. 

Equations 4 and 5 must be used together to pre
dict the rut depth at any time since last blading. 
Figure 6 shows the data points and the rut depth 
calculated from equations 4 and 5 for section 303, 
which was selected because it had typical ranges of 
days since blading in both seasons. 

Table 3 shows the results which were generated 
from equations 4 and 5 for the entire range of the 
significant factors. The rut depth of the internal 
wheelpath is not shown, but it is 8.8 percent less 
than that of the external wheelpath. The results 
for the wet season, presented in Table 3, are of a 
similar order of magnitude as the results obtained 
in Kenya ~, whereas the results in the dry season 
are lower than found in Kenya. 

In the dry season ruts develop very slowly, and 
from the magnitude of the rut depth shown in Table 
3, rut depth will probably not act as a trigger for 
maintenance. In the wet season substantial ruts de 
velop, and thus could trigger maintenance activi- -
ties. Under certain conditions the rut depth in 
the wet season decreases. This is probably due to 
the fact that drivers try to avoid water ponds and 
then tend to move their vehicles to drier ground. 
Consequently the wheeltrack position changes over 
time. Since rut depths were measured in the most 
prominent wheeltracks diminishing rut depths over 
time were recorded. 

Gravel Loss. The prediction model for gravel 
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Table 2. Summary statistics related to variables studied 

UNPAVED ROADS PAVED ROADS 

Independent Variables Mean Std, 
Maximum Minimum Deviation 

~verage daily traffic (vpd) 2)6 167 608 18 
~ertical alignment (\) 2. 7 2, 7 8. 2 o.o 
:Horizontal curvature Tangent Rsl80rn 
~umber of days between blading1 95 55 342 7 

umulative traffic between 24010 22120 143600 720 
bladinge 

Independent Variables Mean Std. Maximum Minimum 
Dev.1.ation 

/\ge at Jan. 1979 
4. 4 20 . 5 2.5 Sections as constructed 7. 9 

overlaid 5 . 3 4 .1 12 .5 0 .5 
Vertical aligrunent (%) 

.l6!i~6 2. 56 20.4:i~6 0 6 
umulative Equiv. 80 kN axles 3. 27xl0 0 . 003xl0 

{Jan. 1979) 
Demi:ndonc. YAr.lnblC• 

jRoughneee (OI* counts/km) 130 63 554 35 
!Rut depth (mm) 18 11 55 2 

3.4 ~arrected structural number 5.0 0.9 7 .5 
Benkelman beam deflection (mm) o. 70 0.30 2 .10 o, 28 

Denonda.n t. Var .l-1.tble:.s 
Roughness (OI* collnts/km) 37 15 99 15 
Rut depth (mm) 3 l.6 11 0 

Table 3. Generated values of rut depth (in mm) in the external wheelpath on unpaved roads 

~ 
.f~ ~Q 

" ~Q C'o~ 
o.i.,~ ~b,t 'e 

It. -1~~ .,.~s-

~~ 
LATER I T E Q UARTZI TE 

&'~ ""~ "At; 20 600 20 600 ~/'· ~ ~(/~ 
0 2000 4000 0 30000 60000 0 2000 4000 0 30000 60000 ~ )',..._ 

~~ 
Tangent 4 7 12 10 18 31 9 15 24 22 26 32 

250 m 7 9 11 10 15 23 9 11 14 13 14 16 .. 
"' 

~~ 
Tangent 4 7 12 10 18 31 9 19 41 22 30 43 ~ 

~ = 250 m 7 9 11 10 15 23 9 15 24 13 17 20 ., 
22 26 32 "' !g Tangent 4 7 12 10 18 31 9 15 24 

~ 2.50 m 7 9 11 10 15 23 9 11 14 13 14 16 "' .. 
43 

... 
~~ 

Tangent 4 7 12 10 18 31 9 19 41 22 30 

250 m 7 9 11 10 15 23 9 15 24 13 17 20 = 
~~ Tangent 7 14 28 51 8 55 32 79 

8!il 250 m 11 2 26 16 8 6 20 16 .. 
~~ Tangent 7 14 28 51 8 72 32 90 ~ "' 

~ = 250 m 11 2 26 16 8 20 19 
tll 

!~ Tangent 11 2 43 27 13 10 49 41 
f< 

8 ~ 250 m 18 0 41 8 13 l 31 .. 
47 ... Tangent 11 2 43 '1:1 13 13 49 .. ~ 

PH 250 m 18 0 41 8 13 l 31 10 = 

Table 4. Generated values of change in gravel level in millimeters 

'i:-ti 
1t ~c 
'-<1> 'tJ--c" 

OJ> 1'~ 

'o~.t~ ~o., ~ 
'lt;, "..-.r '• 

-~~ ~~ ~ 20 600 
I),,..&. ~ "<1>r,"it. 

No blading 6 12 No blading 6 12 C)o11J~~1<:. 
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Figure 5. Roughness curves over time generated from the 
roughness prediction model for unpaved roads 

Figure 6. Rut depth versus time since last blading 
for section 303 
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Figure 7. Gravel level as a function of the number of 
bladings 
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Figure 8. Roughness versus age for paved test sec
tions with SN' in the range of 4 to 5 . . . 
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loss was developed from data collected on 30 sections 
with laterite or quartzite wearing course gravel. The 
periods between bladings on these sections ranged from 
14 to 250 days over an 18 month observation period. 
The equation can be applied to sections that receive 
maintenance in the form of blading, or that are left 
without blading. 

The following is the prediction model for the change 
in gravel height, in millimeters: 

Change in gravel height= B (-0.0046ADT - 213.8/R -

0.4670G - 816.6T/R - 0.0043ADT.R
2 

-

0.0082ADT.R
3

) + D (0.0580 - 0.0461R
2 

- 0.1322R
3

) 

Where 

B = number of bladings 
ADT= average daily traffic in both directions 

R radius of curve in m 
G absolute value of grade in percent 

(6) 

T = wearing course material type, laterite: T=O 
quartzite: T=l 

D time in days since last blading or start of 
observation period 
D = 0 if the section has been bladed, i.e., 
if B > 0 
D > 0 if the section has not been bladed, 
i.e.,ifB=O 

R2= transverse location variable 
R2= 1 if location is 2 m from the road edge 
R2= 0 otherwise 

R3= transverse location variable 
R3 1 if location is 3 m from the road edge 
R

3 
= 0 otherwise 

The mean square error of the model is 361.6. 

Measurements taken in the external three rows of 
each subsection-lane, starting 1 m from the road edge, 
were used to analyze the influence of transverse loca
tion on gravel loss. R2 = R

3 
= 0 corresponds to the 

most external row, row one, located 1 m from the road 
edge. Row two is 2 m and row three is 3 m from the 
road edge. 

Equation 6 can be used for the prediction of gravel 
loss for two different situations. If the road is blad 
ed then Bis set to the number of bladings and Dis set 
to zero. The predicted change in gravel height repre
sents the total gravel loss caused by blading, weather
ing and traffic. Although the model is a function of 
the number of bladings, it can be used in terms of a 
unit time by considering the number of bladings per unit 
time. If the road is not bladed then Bis set to zero 
and the model becomes a function of time in days. 
Therefore, the first part of the equation should be ap
plied in periods when the section is bladed and these
cond part used before blading has started or after it 
has terminated. 

Equation 6 demonstrates that without blading there 
is a movement of gravel from the middle of the road to
wards the external row with time. 

A plot showing the gravel loss model for row two for 
the combination of factors exhibited by section 257, 
together with the data points of section 257, is shown 
in Figure 7. Since gravel loss is a rate, the model 
was centred through the mean number of bladings and 
the mean arbitrary gravel level. This section received 
three bladings during the observation period, and the 
observations were taken between bladings. 

The primary objective of predicting gravel loss is 
to program regravelling. The mean change in gravel 
height over a section was derived from equation 6 by 
combining the three rows. 

Mean change in gravel height= B (0.0088ADT 

213.8/R - 0.4670G - 816.6T/R) -

0.00143D 
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(7) 

Equation 7 predicts the mean change in gravel 
height after B bladings, or if no bladings are ap
plied, after D days. This equation was used toge
nerate changes in gravel height for 2,6 and 12 blad 
ings, and over a 250 day period when no maintenance 
was applied, as shown in Table 4 for the ranges of 
significant factors. 

The mean gravel loss is dependent on the number 
of bladings rather than time or cumulative traffic 
as is generally reported in the literature. Conse
quently a direct comparison to published results is 
not possible. The results in Table 4, up to six 
bladings, are of a similar order of magnitude as 
found in Kenya (4), assuming that the bladings oc
curred within a one year period. Lund (13) supports 
the finding that maintenance is correlated with gra
vel loss. His observations were that the quality of 
maintenance probably plays an important role on gra
vel loss. This was an aspect which was not studied 
in the present Project, and the relationships pre
sented are deemed to consider average maintenance 
standards as were generally applied in the study re
gion. 

Loose Material. A preliminary analysis of the 
data collected shows that the thickness of loose ma
terial within 2 m from each road edge is considera
bly larger than the thickness over the rest of the 
road width. The results obtained at different cross
sections locations within a section are not signifi
cantly different, and consequently the test procedu 
re was standardized to take measurements at two -
cross-sections per subsection. The time effect on 
the thickness of loose material was found to be 
strong, and could be caused by the influence of 
moisture content of the loose material. Further 
work is continuing to develop predictive equations 
for loose material. 

Analysis of Paved Road Results 

The design of experiments for the paved road 
analysis was structured to permit two types of anal
ysis, viz of the time effect and of traffic, geome
tric and pavement characteristics. In the analysis 
of time effects the change in the dependent vari
able, e.g. roughness, rut depth or cracking and 
patching, is studied for each section during the ob
servation period. An analysis of traffic, geometric 
and pavement characteristics permits an evaluation 
of these factors shown in Figure 3, together with 
directional and maintenance effects, on the depen
dent variables. 

It is important to note that the paved road 
analysis is still in the pre

0

liminary stages, but 
that there are interesting initial observations and 
also some problems. 

Roughness on Paved Roads. Preliminary analyses 
of the time effects showed that: 

1. The steeper the grade, the greater the in
crease in roughness with time. The change in rough
ness over time was not significantly different for 
the uphill and downhill directions on any grade. 

2. The increase in roughness over time on a 
section constructed with a crushed stone base is 



312 

greater than for a section constructed with a gravel 
base. In some cases the material classified as crushed 
stone was of a poorer quality than would be expected 
with crushed stone, and this could influence the finding. 

3. Changes in roughness with time on the two mainte 
nance subsections were not significantly different. -

In the analysis of the main factors the mean rough
ness over time on the two subsections of each section 
were not significantly different. Certain problems 
have become apparent through the cross section analysis. 
For a corrected structural number of 4 to 5 the range 
of roughness is almost independent of age, as may be 
seen from Figure 8. In some cases an old road has the 
same roughness as a new road. This situation remains 
similar when age is substituted by equivalent axles as 
is shown in Figure 9 because of the high correlation 
between age and cumulative equivalent axles. 

Sections which have carried large numbers of equi
valent axles are often smoother than sections which 
have carried a low number of equivalent axle repetitions, 
because thicker pavements were designed for heavily traf 
ficked roads. This situation presents problems in sepa=
rating the structural number and cumulative equivalent 
axles effects. 

Analysis techniques which are expected to overcome 
these problems associated with cross section analysis 
are presently being applied to develop performance mo
dels. 

Rut Depth on Paved Roads. Initial analyses of the 
time effects indicated that : 

1. The increase in rut depth with time on old pave
ments is faster than on newly constructed or newly over
laid sections. 

2. On sections less than four years old, the in
crease in rut depth is greater for sections with a gra
vel base than for sections with a crushed stone base. 

3. On sections less than four years old the in
crease in rut depth is greater for sections with an as
phaltic concrete surfacing than a surface treatment. 

In the analysis of the main factors similar confound 
ing effects were found as elaborated above for roughness. 

Cracking and Patching. Preliminary evaluation of 
the percentage area of the test section which exhibits 
class 1 to 4 cracking shows that the total area which 
is cracked is considerably larger for as-constructed 
roads with an asphaltic concrete surfacing than for sec
tions with a surface treatment or sections which were 
overlaid. Further analysis of this dependent variable 
is continuing. 

Conclusions 

After a two year study period preliminary results of 
the performance of unpaved and paved study sections on 
in-service roads in the central and southeast regions 
of Brazil were presented. 

The development of roughness on unpaved study sec
tions over time within a blading period was related to 
the average daily traffic, vertical geometry, horizontal 
alignment, wet or dry season, lateritic or quartzitic 
wearing course gravel and the roughness after blading 
(Equation 1). A further model (Equation 2) was develop
ed which predicts the roughness after blading as a func
tion of roughness before blading, vertical geometry, 
horizontal alignment and wet or dry season. Generation 
of road roughness over time can then be a accomplished 
by using equations 1 and 2 with a normal distribution 
of the residuals of equation 2. 

The prediction equation for rut depth on unpaved 
roads also consists of two models; one predicts the 
development of rut depth over time and the other pre 
diets the rut depth after blading. In addition to -
the significant factors found for roughness, lane 
and wheelpath effects were found to be significant, 

The change in gravel height was found to depend 
on the number of bladings, average daily traffic, 
horizontal alignment and material type. The present 
ed model for roughness shows that it is necessary to 
blade the road to maintain a desired roughness le
vel, and the gravel loss model indicates that by 
blading, gravel is lost. This finding requires that 
optimization techniques be used to program mainte
nance. 

The paved road analysis was still very prelimi
nary and some preliminary observations, as well as 
problems related to analysis of the main factors 
were presented. Several analysis techniques are 
being evaluated to overcome the problems related to 
cross section analysis. 
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