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c on s idered, and this suggests that the traffic terms were surrogates 

for other unexplained variables, possibly rainfall effects. The 

s i g ns of the coefficient s of the remaining terms are the same as for 

Mod e l (4.1), and therefore the response is as for Model (4.1). I nt e r

es tingly the change in roughness for a truck is 3 . 2 times that of a 

car, but again care should be taken in the application of this type 

of equivalency factor. Rainfall has a beneficia l effect in the de

v e lopment of roughness in that i t reduces the rate of change. This 

f inding i s in accordance with the wet season effect in Model (4.1). 

The consistency between the significant effects found in 

mo d els (4.1) and (4 . 2), as well as the s imilarity of the statistics 

r e lated to the prediction equations suggest that either model may be 

u s e d . In th e event that rainfall data were available, Model (4.2) 

\AJ o u l d be use d , w h i l e Mod e l ( 4 . 1 ) w o u l d be used i n the a b s e n c e of rain

f a ll data . 

In the discu ss ion of the analysis approach a logit model 

was propo s ed as an alternativ e model. By transformation, the lo git 

model reverts to a linear regression . The same linear comb ination of 

the indep e nd e nt variable s a s used for the exponential model were 

again evaluated . For comparison of the predictive capabilities of 

t he logit with the exponential Model (4.1) the mean squared deviations 

of t he log o f the actual QI* values from the log of their respective 

pr e dicted v a lues were computed. A difference existed only in the 

fourth significant digit, and there is thus no difference between 

th e predictive capabilities of either the exponential or logit func

tio n s for the data set analyzed. 

T he f a c to r s , b a r o n e , f o u n d t o b e s i g n if i c a n t i n t he ex p 0 -

nen t ial f unction were also found to be significant for the logit 

model. Two additional two-factor interactions with time were found 

to be significant for the logit model. Thus, both models have s imi-

1 a r c h a r a c t e r i s t i c s . T h i s c o u l d , h o w e v e r , c h a n g e f o r t h e 1 o g i t mode 1 

i f suf ficient hi g h roughness data were avai l ab l e. Because of this, 

an d th e ~act that the exponential model is easier to handle computa

tionally, the use of Model (4.1) or (4.2) is recommended rather than 

the logit model. 
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4.4 ROUGHNESS AFTER BLAVING 

Coordinating maintenance activities and the measurement 

program to coincide on all 48 study sections was impossible, and 

roughness measurements were uswally taken a few days before and after 

blading. Equation (4.1), together with the measurements obtained, 

i.e., the last measurement before and the first measurement after 

blading, were used to estimate the roughness immediately before and im

mediately after blading. The standard deviation of roughness was related to the 

magnitude of the measured roughness. Therefore, log transformations of 

che roughness before and after blading were used to derive the predic-

tion equation. 

(1) grade; (2) 

The independent variables that were evaluted were: 

radius of curve; (3) road width; (4) percentage of 

surfacing material passing the 0.074 mm sieve; (5) plasticity inde x 

of the surfacing material; (6) natural logarithm of roughness before 

blading; (7) qualitative descriptors of surfacing type, e.g., later-

ite, quartzite, or clay; (8) 

(9) uphill or downhill lane; 

average daily car and truck traffic; 

(10) time of the previous blading; 

(11) season during which the blading occurred; (12) interaction of 

season and variables (4), (5), (6), and (7). The following model was 

developed: 

where 

LRA 1.4035 - 0.0239 W - 0.00480 SV + 0.01694 PI 

+ 0.6307 LRB + 0.1499 T1 + 0.3096 T2 

+ 0.00020 NT + 0. 2 056 BS 

- 0.01183 PI x BS (4.3) 

LRA natural logarithm of roughness (QI* counts/km) after 

blading; 

LRB natural logarithm of roughness (QI* counts/km) be

fore blading; 

T1 surface type dummy variable: 

T1 1 if surfacing type is quartzite, 

T1 0 otherwise; 

BS season during which blading occurred: 

BS 0 in dry season, 

BS 1 in wet season. 
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The t-va lu es associated with each coefficient are shown in 

Table 4 . 4. 

A total of 1308 observations were used to develop the model 

which has an R-squared value of 0.61. The standard error of the 

model is 0 . 340, which means that the 95 percent confidence interval 

is LRA + or - 0.663. In untransformed roughness terms, if the pre-

dieted roughness after blading is 100, then the confidence interval 

i s 52 to 194. 

Roughness after blading is mainly a function of the expert-

i se of the grader operator . The standard deviation of loge rou t::hness 

values after blading, for equal roughness values before blading on 

the same sect ion was 0 . 297, which reflects operator variability. 

T h is value is simi lar to the standard error of the model, and thus 

the model explains the roughness after blading with the same order of 

accuracy as operator influen ces . 

Roughness after blading is highly dependent on the rough-

ness before blading, as would be expected. As the road width in-

creases, the roughness after blading decreases, probably because of 

the larg e r number of lateral position options for a vehicle, and thus, 

the chance of finding a "smooth" path is increased. An increase in 

pla s ticity inde x increa ses the roughness after blading in the dry 

seaso n beca u se if the surface is well compacted, a high plasticity 

index s ignifie s a high c la y content and the surface is very hard 

from pore water suction in the clay particles. Increasing the per-

cen tage of fine material reduces the roughness after blading because 

of the greater ease in spreading and cutting the surfacing material. 

Howeve r, the s urfacing material properties did not fully explain the 

variation in s urfacing type, and the qualitative surfacing type 

de sc riptors were found to be sign ificant. Despite this statistical sig

nific ance it is believed that the differences probably reflect dif

ferences in maintenance quality, because the sections with the same 

s urfacin g t y pe were frequently located in the same maintenance regions. 

Th e average daily truck traffic increases the roughness after blading, 

pro b ably because of a higher degree of compaction of the upper part 

of the surfacing, which implies difficulty in cutting this material. 

If a road se ction is bladed in the wet season, and if the plasticity 

i n d e x i s g r e a t e r t h a n 1 7 , t h e n t h e r o u g h n e s s i s l o w e r t h a n i n t h e dry 

s eason . For a plasticity inde x less than 17, the roughness is great-
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TABLE 4.4 - REGRESSION ANALYSIS OF LOGe ROUGHNESS AFTER BLADING . 

Parameter Estimate 
Standard 

De via tion t-value 

Intercept 1.4035 0.1434 9.78 

w -0.0239 0.0097 -2.46 

sv -0.00480 0.00105 -4.5 5 

PI 0.016 94 0 . 00366 4.63 

LRB 0.6307 0.0189 33 .30 

T1 0.1499 0. 0 24 5 6 . 11 

T2 0.3096 0.0493 6.28 

NT 0.00020 0.00007 2 .8 2 

BS 0.2056 0.0461 4.46 

PI X BS -0.01183 0.00384 -3.08 
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er. The wet season effect appears to reflect an a d justment for the 

very hard upper layer that e x ists on road se c tions with a high plas

ticity inde x . 

4. 5 DISCUSSION OF THE MOVELS 

Roughness at any point in time, within the same season. is 

determined as the exponential of the sum of the logarithm of the 

change in roughness over time and the logarithm of the roughness at 

time zero. Thus. the roughness can be determined by using Equation 

( 4 . 1 ) or ( 4 . 2 ) , together with a known in it i a 1 roughness , or the r ough

ness after blading can be estimated from Model (4. 3 ). Data from sev

eral sections having different surfacing types and maintenance strat-

tegies together with the roughness prediction from Model (4.1) are 

shown in Figures 4.1. 4.2 and 4.3. In each case, the first observed 

roughness after blading was used as input for RA. th~ roughness after 

blading variable. Therefore. the position of the predi c ted curve is 

dependent on the first roughness value. If the value is low relative 

to the other roughness observations. then the prediction is low. and 

vice versa if the first roughness value is high. This phenomenon is 

particularly accentuated in Figure 4.1, where errors in roughness 

prediction are amplified because no blading occurred during the obser-

vation period on section 2 05. The data points shown apply to a spe-

c ific section, whereas the model was developed on 4 8 sections and 

therefore represents an average over all sections. For this reason, 

the dat a points shown may not appear to fit the models very well at 

all data points. Furthermore. the data points do not follow a 

pattern but rather fluctuate haphazardly over time, thus emphasizing 

the state ment that because of the variations in wheel path positions 

with time. a high corr e lation between roughness and time is not ex

pected. This type of roughness development could have been forced by 

arranging that vehicles always travel within the same wheel paths, 

but this would not represent what actually occurs in the field. 

As was found in the regression analysis, Mo del (4.1) under

predicts the roughness development on the high f reque ncy maintenance 

sections, and this is illustrated b y Figure 4.3. Thi s figure stands 

in contrast to Figure 4.2, which also applies to Section 2 51, where 

Model ( 4.1) r ealistical l y predicts the roughness development. As was 
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indicated before, the difference between measured and predicted rou gh

ness on the high frequency maintenance section is attributed to the 

method used in conducting the experiment, When the conditions for 

blading are non-optimal, water should be added if the road is dry, 

or if over wet, the road should be left to dry somewhat. Motor

grader operators know from experience which strategy to apply. 

As a further comparison of the similarity of the exponen

tial and logit functions, both models were superimposed for Section 

205, as shown in Figure 4.4. Very close agreement is apparent, at 

least at the lower levels of roughness found on this section. 

Road closures from the road becoming impassable were not 

considered in the roughness evaluation. On several occasions during 

the wet season, clay sections became impassable for several weeks. 

Roughness before and after these closures were relatively low. Thus, 

roughness does not seem to adequately characterize road closures. 

Although high roughness (QI* greater than 400) were measured on some 

s ections, traffic continued to use the road. From an operational point 

of view, very high roughness will not force a road closure, but may 

detrimentally affect vehicle operation. 

The material properties studied do not fully explain sur

facing type differences in the prediction of the change of roughness 

with time. Clay surfacings exhibit a binding of the surfacing in the 

dry season, which is attributed to pore water suction in the clay 

particles. In future studies an evaluation of the clay content of 

unpaved road surfacing materials may discriminate between the dif

ferent surfacing types. For evaluating vehicle type influences on 

roughness it is essential _ to ensure that all vehicle types be repre

s ented on all the study sections, and that a sufficiently wide range 

ex i sts in t he traffic fig u r e s to draw meaningful conclusions. In the 

Brazil study, normal maintenance procedures were applied, and no 

quantification of the maintenance was attempted. Future work should 

evalu a t e this aspect to reduce the large confidence band which applies 

to Model (4.3). 
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4. 6 CORRUGATIONS 

One of the road conditions that has a major impact on road 

roughness is the existence of corrugations. A number of theories and 

hypotheses were developed since the phenomenon of corrugations was 

first observed to influence the comfort of the unpaved road user. 

The majority of these theories were laboratory developed, are orient

ed towards one wheel and require detailed soil parameter information. 

During the research study the Maysmeter personnel were required to 

note whether corrugations existed. Thus the conditions under which 

m a n y o f t h e t h e o r i e s we r e d eve 1 o p e d a r e no t a p,p 1 i c a b 1 e to t h e co n d i -

tions that e x isted in the research project. 

Consequently the investigation into the development of 

corrugations was restricted to an empirical one. Of the 42 study 

sections , 11 were found to corrugate, where the definition of corru

gat ion related to the observation of this phenomenon on at least 

t h r e e o c a s i o n s d u r i n g t h e 1 2 - m o n t h period in w hi c h this i n f o r m a t i o n w a s 

recorde d. 

Since two distinct populations of sections exist, those 

that corrugate and those that do not corrugate, discriminant analysis 

was attempted. Discriminant analysis relates to deciding on the 

membersh ip of an observed section in one of a given set of popula

tions to which it may belong (Rao, 1973). The SAS discriminant analy-

s i s proced ur e was used to perform the analysis. Factors such as road 

geo metry , traffic and material properties were included as discrimi

nat ory variables. 

Th e analysis showed that the variances of the two popula

tions were significantly different, and that the variance of the sec

tions that corrugate wa s smaller than that of the other population. This is 

an expec ted result s ince corrugation is a specific road condition, 

wr:ere as the other population may contain a number of conditions which 

were not quantified. Because of the non-homogeneous variances, the 

variances cannot be pooled, and a quadratic discriminant function is 

used in the program (Rao, 1973). The use of this procedure results 

in the misclassification of two of the 42 sections. However, the 

discriminant fucntion is not explicitly stated, as would be for the 

ca s e if the variances were homogeneous and could be pooled. The SAS 
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procedure also does not have the computational capability to indicate 

which factors have the most significant effect, and which may be de

leted from the analysis. 

A further investigation was performed by pooling the vari

ances although it was known that they were non-homogeneous. A total 

of seven of the 11 sections that corrugated were misclassified as not 

corrugating. and this is an unacceptable result. 

4. 7 CONCLUSIONS ANV RECOMMENDATIONS 

The quadratic discriminant function is able to satisfactori

ly discriminate between sections that corrugate and those that do no~ 

Assuming that the variances of the two populations were homogeneous. 

while it was proven that they were not. resulted in a very poor discri

mination. Since the SAS package is not able to give the quadratic 

discriminant function explicitly. the recommended procedure to evalu

ate whether any new section will corrugate is to add the character

istics of the section to the computer file of existing sections. as

suming whether the section will corrugate or not. and to rerun the 

discriminant analysis program and test the assumption. 

4. g SUMMARY 

Based on a hypothesized model for the development of rough

ness on an unpaved road, an exponential and logit function were eval

uated. These models provided similar predictive qualities and be

cause of simpler application the exponential model is recommended for 

general use. 

use. The one 

Two forms of the exponential model are available for 

uses a wet/dry season differentiation whereas for the 

other the cumulative rainfall profile is necessary. Maintenance in

fluences on the exponential model were studied and it was found that blad

ing every two weeks resulted in a larger rate of increase of rough

ness than when bladings occurred when the road surfacing conditions 

were optimal. This conclusion is believed to be the result of the 

experiment rather than a condition that would occur in pratice. A 

model for predicting the roughness after blading was developed which 
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predicted roughness with the same variance as that of operator vari

ability in blading a s e ct ion. A comparison wi~h other data sources 

was not possible because of a lack of a standard roughness scale and 

a lack of corre la tions between different roughness measuring instru

ments. An attempt was al s o made to separate those factors that would 

ha ve a major impact on the formation of corrugations, but unfortunate-

ly the comp utati onal ability was insufficient to draw any conc lusions. 
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