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PREFACE 

T h i s r e s e a r c h p r o j e c t w a s f u. n de d t h r o u g h a n a g r e e·m e n t s i g n e d 

in January, 1975 by the Brazilian Government and the United Nations 

Development Programme (UNDP). The Ministry of Transportation, acting 

through the Brazilian Transportation Planning Agency (GEIPOT), assumed 

the responsibility for the project on behalf of the Brazi lian Govern -

ment and the Int~rnational Bank for Reconstruction and Development 

(IBRD) acted as the executing agency for UNDP. 

The research was carried out by GEIPOT and the National High­

way Department (DNER), acting throug h its Road Research Institute 

(IPR). Funding from the Brazilian Go vernment was channeled through the 

Institute for Economic and Social Planning (IPEA) and the Secretariat 

for Intern at ion a 1 Economic and Technic a 1 Cooperation (SUB IN ) ~ a 1 o ng t,f i t h 

the Ministry of Transportation. 

The World Bank contracted t he Texas Research and Development 

Foundation (TRDF) to organize the in t ernational technical staff and to 

select and purchase the imported equipment needed for the research. 

The participation of the TRDF continued until December of 1979. 

This report is comprised of twelve volumes (each 

both English and Portuguese) which summarize the concepts, 

results obtained by Decembsr, 1981 by the project entitled 

edited in 

methods and 

"Research on 

the Interrelationships Between Costs of Highway Construction, Mainte -

nance and Utilization (PICR)". It includes a documentary index volume 

which will aid researchers in locating topics discussed in this report 

and in numerous other documents of the PICR. This report contains much 

detailed analysis which is being presented for the first time, and also 

incorporates relevant parts of earlier reports and documents produced 

under the 1975 Agreement, updating them through the inclusion of new 

results and findings. 

A special mention is due the Highway Departments of the States 

of Minas Gerais and Goias, the Universitjes of Aston, Birmingham and 

Texas, and the Western Australia Main Roads Department which placed some 

of their best and most experienced personnel at the service of this pro­

ject to fill many key positions on the research staff . 
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Finally~ thanks are due to the Transport and Road Research 

Laboratory for its assistance during the initial stages of the project, 

along with specialists from various countries who periodically visi t ed 

Brazil to discuss the work being done in the PICR and to assist the 

permanent research staff in conducting analyses. 

JOS~ MENEZES SENNA 
President 
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SUMMARY 

The primary objective of the Pavement and Maintenance Stud­

i es was to develop models to describe pavement performance and behav­

ior for Brazilian paved and unpaved roads. The models are needed to 

relate road user costs and road maintenance costs to roadwa y conditions 

in order to predict total highway transport costs. 

The experimental design sampling matrix addresses the major 

factors considered to influence pavement performance and behavior. 

E x isting road sections were selected and used to satisfy the r e q u ire­

ments of the sampling matrix. Detailed information on traffic, vehi-

cle weights and material characteristics was collected for each sec-

t i o n . T h e s a me d a t a w e r e c o 1 1 e c t e d o n u n p a v e d r o a d s a s w e 1 1 a s info rma 

t i o n related to blading and regravelling. On paved roads, the dependent 

variables measured were roughness, rut depth, cracking and patching. 

T h e d e pendent variables studied on unpaved roads included rou g hness, 

rut depth, and gravel loss. 

The r es ults pre s ented in this report are based on d a ta f iles 

t hat were closed in 1981. The data collection effort will continue and 

f ut ur e an a l y ses of the e x panded data base are e x pected to change some 

of th e e quations. Because of the preliminary nature of the relationships 

p r es en te d, no c onsideration was g iven to modifying the equations so 

th a t they could be directly implemented. Therefore, e n g in eering 

ju d g e ment and e x perience should be used in any application of th e 

e qu at ions. Finally, the application of the models is defined by factor 

r a n ges and the study environment. Ex treme care should be taken in 

ex tra p olating the models beyond these limits. 

Xi i i 
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3 

F o r m a n y y e a r s h i g h w a y e n g i n e e r s and a d m i n i s t rat o r s in B r a z i l 

have relied on pavement performance models developed mainly in North 

America and Europe for planning, designing, building and rehabilitat-

ing pavements. This is largely a result of the extensive general 

transportation development and paved highway networks built on those 

two continents, along with a number of outstanding pavement research 

projects conducted in those regions. 

However, such models have some inherent limitations and are 

not necessarily directly transferable. Performance prediction models 

must reflect the conditions to which they are applied and must either 

be developed from local data or modified and verified based on such 

data. Brazil represents an excellent example of this need. It has 

different climatic conditions than the Northern Hemisphere, different 

s ubgrade soils and other distinctive factors which affect pavement 

performance and must therefore be reflected in any useful performance 

prediction models. 

Pavement surface condition, as measured by its roughness, is 

a major factor influencing road use r costs. It is thus important to 

predict pavement roughness from alternative construction and mainte­

nance standards, s o that user costs can be evaluated for each alter-

native. Maintenance is primarily performed a s a re s ponse to excessive 

pavement roughnes s, cracking and rutting. The latter is related to 

roughness and has been assigned limiting levels by highway agencies 

because of the safety hazard it represents to vehicles, especially 

under wet conditions. Pavement cracking is a risk to the capital in­

vested and, if high levels of cracking are allowed to develop, pave­

ment reconstruction may be required, in lieu of routine maintenance. 

Therefore, the amount and consequently the cost of timely maintenance 

will depend on the potential evolution of pavement roughness, crack­

ing and rutting. On the other hand, this potential evolution of pa,;e­

ment attributes depend s on the pavement structure, which, in turn, is 

related to construction costs. Therefore, pavement performance pre-

diction models are an essential technological tool for economic analysis 

of highways. 

The lack of models to predict the performance and behavior 

of unpaved roads is also 

exists to develop models 

apparent (Visser, 

that predict the 

19 81 J • A need therefore 

deterioration of unpaved 

roads . These roads are highly susceptible to environmental influ-
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ences such as rainfall, and different material types perform differ­

ently under these influences. Furthermore, performance is also de­

pendent on the strength of the materials. 

This volume describes the analysis conducted to develop de­

terioration prediction models for both paved and unpaved roads. The 

dependent variables in the paved road analysis are roughness, crack­

ing and rutting, whereas in the unpaved road analysis predictive 

models were developed for roughness, rut depth, and gravel loss. 

A number of details regarding methods and organization 

the e x periments are described in Chapter 5 of Volume 2 of these 

Reports and are therefore not repeated in the present volume. 

of 

19 81 
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2 • 1 INTROVUCTION 

Since the AASHO Road Test, where the concept of pavement 

serviceability was developed by Carey and Irick (1960), increasing 

7 

importance has been given to user-related pavement evaluation. This 

type of evaluation is concerned primarily with the overall function 

of the pavement, that is, how well it serves traffic or the riding 

public. 

The serviceability of a pavement is largely a function of 

its roughness (Haas and Hudson, 1978), and several models can be 

found in the literature to estimate serviceability as a function of 

ro ugh n e s s ( H R B , 1 9 6 4 ; W a 1 k e r an d H u d s on , 1 9 7 3 ") . Moreover, it has 

b e e n de m o n s t r a t e d t h at r o u g h n e s s i s t h e p r i n c i p a 1 me a s u r e me n t o f pave­

ment condition directly related to vehicle operating costs (Hide e~ 

a£ . , 1 9 7 5 ; W y a t t e ~ at . , 1 9 7 9 J • C o n s e q u e n t 1 y , a m a j o r e f f o r t i s de -

voted in this study to develop (1) pavement roughness prediction 

models and (2) a procedure through which the roughness standard used 

can be tran s ferred among different regions or countries, based on rod 

a n d 1 e v e 1 me a s u r e me n t s o f road v-1a y p r o f i 1 e s . The latter subject is 

discussed by Queiroz (198la. l98lb). This chapter presents an 

empirical analysis of roughness data collected in order to develop 

rou gh ness predictive models for asphaltic pavements. 

2. 2 ROUGHNESS PREVICTION MOVELS 

Roughness was expected to be a function of pavement struc­

tural variables, traffic loads and volumes, and environment. The 

pavement test sections in our study were located in a relatively 

narrow geographic area. There was very little variation in the envi­

ronmental parameters, rainfall and temperature, and consequently these 

factors were not considered in the analysis. However, the implicit 

influence of the environment over time was considered since the pave­

ment age was included and found to s ignificantly affect roughness. 

Traffic loads and volumes were combined to give the number 

of cumulative equivalent 80 kN a x les. Seven groups of variables des-

cribing pavement stre ngth were included in the analy s is. The se vari-
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ab les are: (a) pavement structural variables, consisting of the struc­

tural number, structural number corrected for the subgrade resistance; 

and subgrade, sub-base and base CBR; (b) Benkelman beam deflection; 

(c) Oynaflect deflection and curvature indexes; (d) a combination of 

(a) and (b) (e) a combination of (a) and (c); ('f) a combination of 

(b) and (c) and (g) a combination of (a), (b), and (c). 

The inference space for this analysis is governe .d by the 

ranges of the dependent and independent variables which are listed in 

Table 2.1. The definition of symbols used in this part of the study 

is given in Table 2.2. Table 2.3 shows the correlation matrix of vari­

ables included in the analysis. 

The roughness prediction models which best fits the data 

are presented next, ac c ording to the group of independent variables used. 

where 

1. Equation including structural number 

LQI 1.487- 0.1383 RH + 0.00795 AGE 

+ 0.0224 (LN/SNC) 2 

R squared 0.259 

Standard error for residuals 0. 1 35 

LQI decimal logarithm of quarter-car 

i n de x . i . e . , 1 o g 10 0 I * ; 
RH state of rehabilitation indicator: 

0 as constructed, 

overlayed; 

AGE number of years since construction 

or over 1 ay; 

( 2 . 1 ) 

LN logarithm to the base 10 of the number (N) of 

cumulative equivalent axles; and 

SNC structural number corrected for the 

subgrade strength. 
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TABLE 2.1 - SUMMARY STATISTICS OF VARIABLES USED IN THE ANALYSIS OF 

ROUGHNESS DATA 

··-

Variable Mean Standard 
Minimum Maximum Deviation 

J-----------· ---- --- -

OI* 39.0 1 5. 2 1 8. 0 95.0 

SN 2.8 1 . 0 1 . 0 6. 5 

SNC 4.6 1 . 1 1 . 8 7. 5 

LN 5. 5 0. 7 2.7 7. 2 

B ( 0 . 0 l mm) 64.5 24.3 32.0 128.0 

D (0.001 in. ) 0. 91 0. 2 8 0.40 1 . 56 

SCI ( 0 . 001 in . ) 0. 33 0. 1 3 0. 11 0. 7 7 

BCI ( 0. 0 01 in.) 0. 12 0.04 0.05 0.20 

AGE (years) 7. 1 4.6 1 . 1 2 0. 3 

p ( %) 
i 

0. 0 8 0.50 0.00 4.60 

NOTE: Variable symbols are defined in Table 2.2. 
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TABLE 2.2 - DEFINITION OF SYMBOLS USED IN THE ANALYSIS OF ROUGHNESS 

DATA 

Symbol 

OI* 

SN 

SN C 

LN 

B 

0, SCI, BCI 

AGE 

p 

ST 

RH 

Variable 

Roughness measured with a Maysmeter and 
converted into quarter-car index through a 
calibration equation ( counts/km). 

Pavement structural number. 

Structural number corrected for the subgrade 
resistance. 

Logarithm to the base 10 of the number of 80 KN 
cumulative equivalent axles. 

Benkelman beam mean deflection (0.01mm). 

Oynaflect maximum deflection, surface curva­
ture index, and base curvature index (0.001 in.). 

Surface age since construction or overlay 
(years). 

Percent area of the pavement which received 
r e p a i r s i n t h e f o r m o f de e p p at c h e s ( % ). 

Surface type dummy variable: 

ST = 0 

ST = 1 

asphaltic concrete; 

double surface treatment. 

State of rehabilitation dummy variable: 

RH = 0 as constructed; 

RH = 1 overlayed. 
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TABLE 2 .3 - CORRELATION MATRIX OF VARIABLES USED IN THE ANAL YS IS OF 

ROUGHNESS DATA 

Va ri a bl e QI* SN SN C LN B D AG E p 

QI* 1. DO -.3 2 - .32 . 00 . 4 8 . 2 8 . 24 . 2 6 

SN 1. 0 0 . 9 7 . 29 -. 1 7 -. 36 . 0 5 - . 0 6 

SNC 1. 0 0 . 2 8 -. 14 -. 32 -. 0 1 - . 07 

LN 1 • DO - . 03 -. 06 . 4 4 . 0 5 

B 1 . 0 0 . 60 . 0 3 . 33 

D 1 . DO - . 01 . 1 2 

AGE 1. 00 • 1 5 

p 1 . 00 

NOT E: Var i ab l e symbols are defin ed in Tab le 2 . 2 . 
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Detailed statistical results pertaining to Equation 2.1 are 

given in Table 2.4. The ridge trace. in Figure 2.1, shows the high 

stability of the regression coefficients (Chatterjee and Price, 1977). 

Included in this figure is the coefficient for ST. a surface type in­

dicator variable. which was subsequently deleted. This coefficient 

value is very close to zero. as can be observed in Figure 2.1. and is 

not significant even at the 25 percent level, as demonstrated by its 

F-value. 

Assuming normality of residuals. an approximation to the 95 

percent confidence interval about the mean roughness predicted by 

Equation 2.1 is: 

CI LQI ± 0.27 or 0.54QI* to 1.86 QI* 

As an example. if the roughness value estimated from Equa­

tion 2.1 is 60, the corresponding 95 percent confidence interval lies 

between QI* values of 32 and 112 counts/km. 

where 

2. Equation including Benkelman beam deflection 

QI* 21.8- 7.52 RH + 5.16 ST + 0.515 AGE 

+ 7.22 x 10- 5 (B x LN) 2 

R squared 

Standard error for residuals 

0.484 

1 0. 5 84 

QI* quarter-car index (counts/km); 

ST surface type dummy variable: 

0 asphaltic concrete; 

surface treatment; and 

B Benkelman beam deflection (0.01 mm). 

( 2 . 2) 

Other symbols were defined previously. Detailed statistical results 

for Equation 2.2 are given in Table 2.5. All regression coefficients 
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TABLE 2.4 -REGRESSION ANALYSIS RESULTS FOR EQUATION 2.1 

a) Analysis of Variance 

Degrees Sum 
of of 

Freedom Squares 
-- 1--· 

Regression 3 

Residual 74 

b) Regression Equation 

Para me~:~--~ timate 

Intercept . 4 7 8 42 

RH -0 .13827 

( LN /SNC) 2 0 .02244 

AGE 0 .00795 

R squared 

Standard error for residuals: 

0.4687 

1 . 3 39 9 

Standard 
Error 

0.04726 

0.01222 

0.00347 

0.259 

0. 1 35 

Mean F 
Square Ratio 

0.1562 8. 6 3 

0.0181 

F-Value 

8.56 

3.37 

5.24 

1 3 
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FIGURE 2. l- RIDGE TRACE FOR EQUATION 2.1. 
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TABLE 2.5 - REGRESSION ANALYSIS RESULTS FOR EQUATION 2.2 

a) Analysis of Variance 

Degrees Sum 
of of 

Free dam Squares 

Regression 4 7672.69 

Residual 73 8177.77 

b) Regression Equation 

Parameter Estimate 
Standard 

Error 
···---

Intercept 21.762 -

RH -7.521 3. 72 7 

ST 5.162 2.606 

AGE 0.515 0 . 2 71 
-

( B X L N) 2 7.215x10 5 1.077x10 

Multiple correlation coefficient squared: 

Standard error for residuals 

Me an F 
Square Ratio 

1918.17 1 7. 12 

112.02 

F - Value 

4.07 

3.92 

3. 6 2 
5 

4.49 

0.484 

1 0 • 5 84 

1 5 
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are very stable, The approxim~te 95 percent confidence interval for 

QI* in Equation 2.2 is: 

where 

CI QI* ± 21.1 

3. Equation including Dynaflect deflection 

LQI 1. 39 1 - 0 .1315 RH + 0.0414 P 

+ 0.00751 AGE + 0.0248 0 x LN 

R squared 

Standard error for residuals 

0. 31 8 

0. 1 30 

LQI logarithm to the base 10 of querter-car index; 

P percent area which received repairs 

in the form of deep patches; and 

0 Dynaflect ma x imum deflection (0.001 in.). 

( 2. 3) 

Othe r symbols were defined previously. Detailed regression analysis 

re s ult s are given in Table 2.6. All regression coefficients are very 

stab le. The approximate 95 percent confidence interval is: 

CI LQI ± 0.26 or 0.55 QI to 1.82 OI 

4. Equation including structural number and Benkelman 

beam deflection 

OI* 12.63- 5.16 RH + 3.31 ST + 0.393 AGE 

+ 8.66 (LN/SNC) + 7.17 X 10-s (B X LN) 2 

R squared 

Standard error for residuals 

0.525 

10.223 

( 2 . 4) 
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TABLE 2.6 - REGRESSION ANALYSIS RESULTS. FOR EQUATION 2.3 

a) 

b) 

Analysis of Variance 

Degrees 
of 

Freedom 

Regression 4 

Residual 73 

Regression Equation 

Parameter 

Intercept 

RH 

p 

AGE 

DLN 

Estimate 

1.39137 

-0.13153 

0 .04142 

0.00751 

0. 02482 

Sum 
of 

Squares 

0. 5 75 

1. 2 3 3 

Standard 
Error 

-

0.04547 

0.02989 

0.00334 

0.00932 
- ·----- ----

Multiple correlation coefficient squared: 

St a ndard error for residuals 

Me an 
Square 

0.1439 

0 .0169 

F-Value 

8.37 

1 . 9 2 

5.06 

7. 0 9 

0.318 

0. 1 30 

F 
Ratio 

8.52 

l 7 

Digitised by the University of Pretoria, Library Services, 2012



18 

where 

QI* quarter-car index (counts/km); 

RH state of rehabilitation indicator: 

0 as constructed. 

overlayed; 

ST surface type indicator: 

0 asphaltic concrete. 

surface treatment; 

AGE number of years since construction or overlay; 

LN logarithm to the base 10 of the number of cumulative 

equivalent axles; 

SNC corrected structural number; and 

B Benkelman beam deflection (0.01 mm) 

Detailed statistical results pertaining to Equation 2.4 are presented 

in Table 2.7. The approximate 95 per ce nt confidence interval is 

CI = QI* ± 20.5. 

5. Equation including structural number and 

Dynaflect deflection 

LQI 1.299- 0.1072 RH + 0.0415 P + 0.00623 AGE 

+ 0.0856 (LN/SNC) + 0.0230 0 x LN 

R squared 0.356 

0. 1 2 7 Standard error for residuals 

( 2 • 5 ) 

All symbols are as previously def in ed . Other statistical results are 

s hown in Table 2.8. The approximate 95 percent confidence interval 

for QI* in Equation 2.5 is CI = LQI ± 0.25. or 0.56 QI* to 1.78 QI*. 
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TABLE 2.7 - REGRESSION ANALYSIS RESULTS FOR EQUATION 2.4 

a) Analysis of Variance 

Degrees 
of 

Freedom 

Regression 5 

Residual 72 

b) Regression Analysis 

Parameter Estimate 

Intercept 12.631 

RH -5.160 

ST 3. 30 7 

LN /SN C 8. 6 6 3 

AGE 0.393 

( B X LNJ 2 7.17x10 5 

R squared 

Standard error for residuals: 

Sum 
of 

Squares 
I Me an 

Square 
F 

Ratio 

-- ----------~----------1 

8318.8 

7531.7 

Sta ndard 
Er ro r 

3.7 

2.6 

3.4 

0.2 

1 . 0 

0.523 

10.228 

25 

26 

86 

66 

41x10 5 

1663.76 

104.61 

F-Value 

1 . 9 2 

1.59 

6. 1 8 

2 • 1 8 

4. 7 4 

1 5. 9 0 

l 9 
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TABLE 2.8 - REGRESSION ANALYSIS RESULTS FOR EQUATION 2.5 

a) Analysis of Variance 

Degrees 
of 

Freedom 

Regression 5 

Residual 72 

b ) Regression Equation 

Parameter Estirnate 

Intercept 1.29857 

RH 0 . I 0 71 ·8 

p 0.04151 

LN /S N C 0.08556 

AGE 0.00623 

0 X LN 0.02300 

R s quared 

Standard error for residuals: 

Sum 
of 

Squares 

0. 64 36 

1.1650 

Standard 
Error 

-

0.0 11 61 

0.0293 

0.0417 

0.0033 

0.0092 

0.356 

0. 12 7 

Me an F 
Square Ratio 

0.1287 7.96 

0.0162 

F-Value 

5.42 

2. 01 

4.21 

3. 50 

6.29 
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where 

6. Equation including structural number, Benkelman 

beam deflection and initial roughness 

Q I * Q I* + ( 1 55 . 5 + 2 . 0 7 G - 1 6 3 . 8~ - 1 6 5 . 9 S NCo 
o B SNC 

0 

B SNC x N/10 6 
+ 172. 9~ X __ 0) 

B
0 

SNC 

R squared 

Standard error for residuals 

0. 5 65 

9-373 

21 

( 2 . 6) 

or; an estimate of the pavement's initi a l r o u g hn ess , 

-<-.e.., QI* value at AGE = 0; 

SNC 5; 
0 

B 55. 
0 

The values of BIB and SNC /SNC are held to not less than 1. G is a 
0 0 

function of the road gradient given by: 

G 1 - ( 2. 7) 
+ 1 o GR- 4 

whe r e GR i s the uphill gradient in percent. On the downhill GR 0. 

2. 3 DISCUSSION OF ROUGHNESS PREDICTION MODELS 

Si x roughnes s prediction models were developed. Th e inde-

pend e nt variables included repre s ent various degrees of sophistic a -

ti o n in the data required for analysis. As an example, Equation 2.3 

may be used when only Dynaflect deflections are available, while the 

u s e of Equation 2.4 requires that the Benkelman beam deflection and 

structural number be known. 

The latter is considered more appropriate for analysis at 
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the project level (e.g., designing an individual overlay), w he rea s 

Equation 2.3 may be suitable for analysis at the network level (e.g., 

maintenance planning for a number of sections). Equation 2.6 may be 

used when an estimate of the pavement's initial roughness is avail-

able. 

Efforts were made to improve the equations by including 

more information in the regression models, but the result was less 

significant and produced more unstable coefficients. 

Forcing other transformnd variables, such as logarithms or 

squares, into the equations caused similar problems. For instance, 

if (0 x LN) 2 enters Equation 2.3, both its coefficient and the coef­

ficient of D x LN become very unstable. Concurrently, no significant 

improvement to R squared was obtained from the inclusion of (0 x LN) 2 

in the equation. 

From the foregoing, it seems reasonable to conclude that 

the data available on pavement roughness probably do not permit 

better models to be developed. It is expected that field data col l ec -

tion will continue until all of the sections exhibit high levels of 

roughness, so that more precise prediction models can be obtained. 

However, it is felt that the models derived have sound engineering 

basis, since pavement and subgrade strength, as well as traffic l oads 

are adequately considered. 
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CHAPTER 3 - PAVED ROAD CRACKING AND 
RUT DEPTH ANALYSIS 
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3 • 1 INTRODUCTION 

A considerable amount of public money is spent on pavement 

maintenance every year, as pavements deteriorate over time due to 

traffic loading and climatic factors. For efficient use of mainte­

nance resources, it is necessary to estimate the future condition or 

serviceability level of the different pavement sections in a specific 

network. Such an estimate is only possible if the pavement engineer 

or planner has reliable predictive models available. Moreover, dis­

tress prediction models are essential technological tools in the anal­

ysis of alternative pavement design strategies. 

This chapter presents the results of analysis performed on 

data collected on pavement cracking and rutting, with the objective 

of developing empirical prediction models for these two types of dis­

tress manifestations. Quantitative information on pavement cracking 

and rutting is obtained from condition surveys, which are mechanistic 

measurements of distress. It should be clear that the prediction 

models developed can be only used for estimating pavement distress in 

a way compatible with the measurement system used in the field. 

3. 2 ANALYSIS OF PAVEMENT CRACKING 

The approach for studying pavement cracking was to monitor 

the percent area cracked at selected test locations on existing 

roads. Detailed information developed to characterize each test 

location included traffic loads and volumes, pavement structural 

number, Benkelman beam and Dynaflect deflections. 

The cracking variable used in this analysis is defined as 

the percent of the pavement's total area which shows Class 2 to 4 

cracks or potholes. Class 1 cracks, which have widths of less than 

1 mm and are normally called hairline cracks, were not included in 

the percent calculation because they are not readily identifiable in 

the field, and their measurement depends, to a great extent, on 

the observer's judgement and weather conditions. Additionally, hair­

line cracks can result from poor rolling of asphalt mixtures during 

construction and, in this case, their prediction as a function of 
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pavement strength and traffic loadings is meaningless. 

Another reason for not including hairline cracks in the 

computation of the cracking variable is that this type of cracking 

would hardly ever warrant any pavement maintenance response. More­

over, Class 1 cracks were not included in the cracking term used to 

estimate serviceability at the AASHO Road Test (HRB. 1962). There­

fore, it seems appropriate to quantify a cracking variable as previ­

ously defined. 

V e r y f e w o f t h e s u r fa c e t r e a t me n t s e c t i o n s e x h i b i t e d c r a c k s. 

Consequently, test sections with this type of surfacing were not in­

cluded in the analysis of pavement cracking. 

3. 2. 1 

Observation of the data indicated that it may take a pave­

ment several years to show the first crack, but after the initial 

cracks appear, the deterioration process is relatively fast. There­

fore, it was considered necessary to develop two types of models: one 

to predict when cracks first appear and the other to predict how fast 

crack s progress in a specified pavement. The analyses corresponding 

to these models are called, respectively, crack initiation and crack 

progression analysis. 

Th e need for these two types of models was identified by 

Finn (1973) who stated that, to be helpful to the highway engineer, 

the o ut put variable of cracking as predicted from research should in­

clude not only some estimate of initial cracking, but also the rate 

of progression of cracking with time. 

3. 2 . 2 CJLacf<. I nA...:tA..a.:tA..o n 

The dependent variable used in this part of the analysis is 

the number of equivalent axles supported by the pavement to first 

crack. The inference space is governed by the ran ges of the dependent 

and independent variables which are listed in Table 3.1. As the ob­

jective of this part of the study was to predict when cracks first 

app e ar, only test sections which showed their first crack during the 
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TABLE 3.1 - MEAN, STANDARD DEVIATION AND RANGE OF THE VARIABLES USED 

IN THE CRACK PROGRESSION ANALYSIS 

STANDARD RANGE 
DESCRIPTION MEAN 

DEVIATION MINIMUM MAXIMUM 

Number of Sections 1 9 - - -

- As constructed 1 2 - - -

- Overlayed 7 - - -

Age During Observation Period 5.3 3.5 1 . 2 1 5 . 8 

(Years) 

Benkelman Beam Deflection 58. 7 21 . 6 34. 0 1 0 2. 0 

( 0. 0 'l mm) 

Dynaflect Deflect ion (Sensor 1) 0. 81 7 0.288 0.400 1 . 4 6 0 

(0.001 in . ) 

Surface Curvature Index 0.277 0 . 1 0 4 0. 12 0 0.460 

( 0 . 0 0 1 in.) 

Base Curvature Index 0. 1 0 8 0. 0 4 2 0.050 0. 2 00 

( 0. 0 01 in. ) 

Structural Number 3.49 0.86 1.90 4. 3 0 

Corrected Structural Number 5.30 8. 6 0 3.70 6 . 7 0 

Log Cumulative Equivalent 
1 0 

Axles 5. 4 9 0 . 6 1 4.30 6.28 

Subgrade CBR 3 3. 6 14.4 1 3. 0 64.0 
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study period were used. The correlation matrix of variables included 

in the analysis is given in Table 3.2. 

A number of functional relationships were investigated 

through regression analysis. The model found to best fit the data is: 

where 

LN 1.205 + 5.96 log SNC 

LN logarithm to the base 1 0 of the number of 

equivalent axles to first crack; 

SNC corrected structural number; and 

log logarithm to base 10. 

( 3 . 1 ) 

Equation 3.1 has a correlation coefficient squared of 0.52, 

a standard error for residuals of 0.44. and is based on a sample size 

of 19. Other statistical results pertaining tc: this equation are given 

in Table 3.3. The approximate 95 percent confidence interval is: 

CI LN ± 0.95 or 0.11N to 8.9N 

As described in Chapter 2, several groups of independent 

varia b les were used in the analysis. However, no acceptable regres-

s ion equation could be developed with independent variables other 

than corrected structural number. It is expected that test sections 

which have not s hown any cracking - and therefore not included in 

t h i s a n a 1 y s i s - w i 11 en han ce t h e i n f e r e n c e s p a c e for f u t u r e a n a 1 y s e s . 

This may make it pos s ible to obtain reasonable models for the other 

combinations of independent variables. 

3. 2. 3 

Two different dependent variables were used in this part of 

the analysis: 
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TABLE 3.2 - CORRELATION MATRIX OF VARIABLES INCLUDED IN THE CRACK 

INITIATION ANALYSIS 

Variable SNC B 0 AGE 

SNC 1 . 0 0 -.64 -. 6 5 . 1 8 

B 1 . 0 0 . 7 8 -.24 

0 1 . 0 0 -.27 

AGE 1.00 

LN 

TABLE 3.3 - REGRESSION ANALYSIS RESULTS FOR EQUATION 3.1 

a) Analysis of Variance 

Degrees Sum Mean of of Square 
Freedom Square 

Regression 1 3.474 3.474 

Residual 1 7 3.229 0. 1 9 0 

b) Regression Equation 

Estimate Standard Parameter Error 

Intercept 1 . 2 0 5 

LSNC 5.963 

Correlation coefficient squared 

Standard error for residuals 

-

1. 394 

0. 51 8 

0.436 

F 
Ratio 

18. 2 9 

-

F-Value 

-

18.29 

LN 

. 7 2 

-.26 

-.26 

.44 

1 . 0 0 

29 
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a) the percentage area cracked at a specified 

pavement age; and 

b) the age when the percent of area cracked reaches 

a specified value. 

Models developed for the first dependent variable are us e­

ful, for example, when the engineer wants to predict the cracking 

condition of a pavement t years from now, if no maintenance is ap­

plied to the pavement. The resulting numbers could indicate the 

need to request addit~onal funds for certain projects in the road 

network. 

An e x ample of application of models developed for the 

se co nd dependent variable is the estimation of the time at which a 

pavement cracking condition will reach a limiting value, at which 

rehabilitation is necessary. Limiting values for this condition 

depend on a number of factors, including the highway function, 

resources available ·and local practice. Limiting values suggested by 

dif e rent researchers fall in a wide range of 5 to 35 percent, the 

average approa c hing 15 percent (Queiroz, 198la, p. 119). 

The inference space in the crack progression analysis is 

gov e rn e d b y the ranges of the dependent and independent variables 

which are listed in Table 3.4. The correlation matrix of a select 

s ub se t o f variables included in the analysis is given in Tabl~ 3.5. 

A number of functional relationships were investigated in 

or de r t o dev elop models t o predict the amount of pavement cracking. 

Th e three models wh i ch to best fit the data are: 

1. Independent variables include Benkelman beam 

deflections 

CR 18.53 + 0.0456 B x LN + 0.00501 8 x AG~ x LN 

R squared 

Standard error 

Cl = CR + 25.28 

0.644 

12.616 

( 3. 2) 

Digitised by the University of Pretoria, Library Services, 2012



31 

TABLE 3.4 - MEAN. STANDARD DEVIATION AND RANGE OF THE VARIABLES USED 

IN THE CRACK PROGRESSION ANALYSIS 

STANDARD RANGE 
DESCRIPTION MEAN 

DEVIATION MINIMUM MAXIMUM 

Number of Sections 28 - - -

- As Constructed 1 8 - - -

- Overlayed 1 0 - - -

Age During Observation Period 7.63 4.82 1 . 2 20 .7 

(Years) 

Ben k el man Beam Deflection 63.8 27.0 34.0 1 32. 0 

( 0 . 0 1 mm) 

Dynaflect Deflection (Sensor 1) 0. 7 80 0.236 0.40 1 . 4 6 

(0.001 in. ) 

Surface Curvature Index 0. 26 9 0.094 0. 11 0. 4 6 

(0.001 in.) 

Base Curvature Inde x 0. 1 0 8 0. 0 34 0.05 0.20 

( 0 . 0 01 in . ) 

Structural Number 3.76 0. 91 1 . 9 0 6.50 

Corrected Structural Number 5 . 55 0.79 3.70 7.50 

Log Cumulative Equivalent 
1 0 

Axles 5. 7 5 0.64 4. 30 7. 2 7 

Subgrade CBR 33.2 1 2. 8 1 3. 0 64.0 

Percentage of Are a Cracked 1 2 . 50 2 0. 86 0.00 83.75 
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TABLE 3.5 - CORRELATION MATRIX OF VARIABLES INCLUDED IN THE CRACK 

PROGRESSION ANALYSIS 

Variable SNC CBR B D AGE LN CR 

SNC 1 . 0 0 -.02 -. 41 -.42 . 3 5 . 62 .04 

CBR 1 . 0 0 -. 1 3 -. 11 -.30 -. 31 -. 18 

B 1 . 0 0 . 67 -.06 • 0 1 . 55 

D 1 . 0 0 -. 1 2 . 1 6 .34 

AGE 1. 0 0 . 4 9 . 4 7 

LN 1 . 0 0 .38 

CR 1 . 0 0 

Definition of symbols: 

SNC corrected structural number; 

CBR subgrade CBR; 

B mean Benkelman beam deflection (0.01 mm); 

D mean Dynaflect deflection (0.001 in.); 

AGE pavement age in years; 

LN log cumulative equivalent axles; 
1 0 

CR percentage area cracked (%). 
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where 

CR - 14.10 + 2.84 0 X LN + 0.395 0 X AGE X LN 

R squared 

Standard error 

CI = CR ± 31.74 

0.439 

15.843 

3. Independent variables include corrected structural 

number 

CR - 57.7 + 53.5 LN/SNC + 0.313 AGE x LN 

R squared 

Standard error 

CI = CR ± 34.31 

0.345 

17.120 

CR percentage area cracked; 

B mean Benkelman deflection (0.01 mm); 

LN logarithm to the base 10 of the numbe..r of 

cumulative equivalent axles; 

AGE pavement age since construction or overlay 

(years); 

0 

SNC 

CI 

mean Dynaflect deflection (0.001 in.); 

corrected structural number; and 

approximate 95 percent confidence interval. 

33 

( 3. 3) 

( 3. 4) 

Detailed regression results pertaining to Equation 3.2 to 3.4 are 

given in Tables 3.6 to 3.8, respectively. Stability of the regres­

sion coefficients was examined through ridge analysis. The corre­

sponding ridge traces showed that the three equations developed have 

very high stability. It was not possible to obtain acceptable re­

gression equations (in terms of statistical significance and stabil~ 

ty of coefficients) involving other groups of independent variables. 

Digitised by the University of Pretoria, Library Services, 2012



34 

TAB LE 3 .6 - REGRESSION ANALYSIS RESULTS FOR EQUATION 3.2 

a ) Analy s is of Va riance 

Oegr~ee Sum 
of of 

Freedom Squares 

Regre s sion 2 21031 

Residual 73 11 61 3 

b) Regre ss ion Equation 

Parameter Estimate 

Intercept -18.530 

8 X LN 4.564 X 10- 2 

8 X AGE X LN 5. 0 11 X 1 0- 3 

Multiple correlation coefficient squared 

Standard error for residuals 

Mean 
Square 

10515.7 

159.2 

Standard 
Error 

-

1 . 0 8 9 X 

7.226 X 

0.644 

12.616 

1 0- 2 

-4 
1 0 

F 
Ratio 

66.07 

--

F-Value 

-

1 7 . 55 

48.0 8 
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TABLE 3.7 - REGRESSION ANALYSIS RESULTS FOR EQUATION 3.3 

a) Analysis of Variance 

Degrees Sum 
of of 

Freedom SquareS. 

Regression 2 14328 

Residual 73 18322 

b) Regression Equation 

Parameter Estimate 

Intercept -14.105 

0 X LN 2.843 

0 X AGE X LN 0.3948 

Multiple correlation coefficient squared 

Standard error for residuals 

Mean 
Square 

7164.2 

2 51 . 0 

Standard 
Error 

-

1 . 2 7 8 

0.0684 

0.439 

15.843 

F 
Ratio 

28.54 

-

F-Value 

-

4.95 

33.28 
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TABLE 3.8 - REGRESSION ANALYSIS RESULtS FOR EQUATION 3.4 

a) Analysis of Variance 

Degrees Sum 
of of 

Freedom Squares 

Regression 2 11254 

Residual 73 21 .3 9 7 

b) Regression Equation 

Parameter Estimate 

Intercept -57.66 

LN/SNC 53.47 

AGE X LN 0.3126 

Multiple correlation coefficient squared 

S t a ndard error for residuals 

Mean 
Square 

56 2 b.9 

2 9 3. 1 

Standard 
Error 

-

1 6. 9 6 

0.0610 

0. 34 5 

17.120 

F 
Ratio 

18.20 

F-Value 

-

9.94 

26.23 
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As mentioned previously, an effort was also made to devel­

op equations to predict the age when the percent of area cracked 

reaches a specified value. Only one statistically acceptable model 

could be derived from this part of the analysis: 

where 

AGE 11.46- 0.0974 8 + 0.1454 CR 

+ 2.51 X 10 5 CR/(RLA X 8) 

R squared 

Standard error 

CI =AGE ± 7.51 

0.418 

3.751 

( 3. 5) 

RLA rate of load applications, ~.e., average number 

of equivalent axles per year; 

AGE number of years since construction or overlay it 

will take a pavement to have a percent area 

cracked CR; 

8 Benkelman beam deflection (0.01 mm); and 

CI approximate 95 percent confidence interval. 

Detailed statistical results for Equation 3.5 are listed in Table 3.9. 

3. 3 INTERPRETATION OF CRACKING MODELS 

3. 3. 1 CJr.ac.k In~:t~a:t~on 

Equation 3.1 predicts the number of equivalent 80 kN single 

axle loads to first crack, as a function of corrected structural 

number. The equation is graphically shown in Figure 3.1, along with 

the data points obtained from 19 test sections which first cracked 

during the study period. 

As in other parts of the analysis conducted in this inves­

tigation, an effort was made to develop crack initiation models in-

volving different groups of independent variables. However, no 
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TABLE 3.9 - REGRESSION ANALYSIS RESULTS FOR EQUATION 3.5 

a) Analysis of Variance 

Degrees Sum 
of of 

Freedom Squares 

Regression 3 728.76 

Residual 72 1012.94 

b) Regression Equation 

Parameter Estimate 

Intercept 11.457 

B - 9. 7 4 X 10- 2 

CR 14.54 X 10- 2 

CR/(RLA X B) 2. 51 X 10- 5 

Multiple correlation coefficient squared 

Standard error for residuals 

Mean 
Square 

242.92 

14.07 

Standard 
Error 

-

2. 01 X 10- 2 

2.62 X 10- 2 

9. 6 2 X 1 0 4 

0.4184 

3.7508 

F 
Ratio 

1 7 . 2 7 
-

F-Value 

-

23.38 

30.89 

6.83 
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structural variable, other than corrected structural number, was able 

to explain the phenomenon of crack initiation in pavements. This 

fact could, to some extent be anticipated from inspection of the 

correlation matrix shown in Table 3.2, where very low correlation 

between deflection and cumulative number of equivalent axles (or age) 

to first crack is presented. 

A number of te~t sections, including most of the surface 

treatment sections, did not show any sign of cracking during the 

study period. Therefore, these sections were not used in the crack 

initiation (nor crack progression) analysis. As data collection in 

the field is anticipated to continue, it is expected that crack 

initiation models, in terms of other structural variables, can be 

developed in future analysis. 

cantly augmented. 

Then, the data base may be signifi-

3. 3. 2. 

Three models to predict the amount of cracking have been 

developed in terms of pavement age and traffic and one of the follow-

ing: Benkelman beam deflection, Dynaflect deflection, or corrected 

strutural number. Simultaneous inclusion of two structural variables 

into the equation, e..g., Dynaflect deflection and structural number, 

did not improve the equation significantly. In fact, this simulta­

neous inclusion caused high instability of the regression coeffi­

cients, as verified in the ridge analysis. 

Equations 3.2 to 3.4 are relatively similar in form. Equa-

tion 3.2 is graphically shown in Figure 3.2, which demonstrates the 

effect of Benkelman beam deflection on the estimated amount of crack­

ing over time. The figure was constructed assuming an average of 

50,000 equivalent axle load applications per year. 

It is clear that empirical models shculd be used at the 

bounds of the inference space only with extreme caution. It is evi-

dent, from Figure 3.2, that Equation 3.2 does not give accurate pre­

dictions at very low pavement ages and very high deflections. 

However, the equation does give suitable prediction accuracy in those 

applications where it is most needed; the region corresponding to the 

average limiting criterion of 15 percent cracking (as discussed 
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earlier) is close to the mean cracking value of 12.50 percent encoun­

tered in the inference space (see Table 3.4). 

A model has also been developed to predict the age when the 

p e r c e n t o f a r e a c r a c k e d r e a c h e s a s p e c i f i e d v a 1 u e , i . e. . , E q u a t i o n 3 . 5. 

This equation is illustrated in two different examples presented in 

Figures 3.3 and 3.4. Figure 3.3 shows the influence of Benkelman beam 

deflection on the number of years it takes a pavement to develop dif­

ferent cracking levels. The figure was constructed qssuming an aver­

age of 50,000 equivalent axle load applications per year. 

The number of years it takes a pavement to develop 15 percent 

cracking, which is the cracking level corresponding to an average 

limiting criterion, is ~rAnh;cally shown in Figure 3.4, for different 

levels of the rate of load applications, as a function of Benkelman beam deflections. 

As e x p e c t e d, t h e a g e d e c rea s e s a s d e t . 1 e c t i o n o r 1 o ad i n g rat e in c rea s e s. 

Because of the vicinity of the inference space bounds, Equa­

tion 3.5 does not give accurate predictions at very high deflections 

and very low cracking levels. However, the model is considered to 

have very good accuracy at the important level of 15 percent cracking, 

which is close to the mean of 12.50 percent cracking of the inference 

space. 

3.4 EFFECT OF SLURRY SEAL 

The cracking variable previously defined, CR. was the dependent 

variable studied to evaluate the effect of slurry sealing on pavement 

cracking. Class 4 cracks and potholes were, in general, patched before 

slurry seal applications. Therefore, they are not included in the slurry seal 

effect analysis. 

Plots of the data were examined and the following observa­

tions made: 

1) After a slurry seal there always existed a period of time 

when no cracks reappeared. 

2) The length of time before the first appearance of crack 

was related to the amount of cracking on the subsection 

when it was sealed. 
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The effects of grade, overlay, base type, number of equiva­

lent axles per year, structural number, and CBR of the subgrade were 

investigated and found to be nonsignificant at a= 0.1. The develop-

ment of more realistic models to predict the effect of slurry sealing 

on pavement cracking will require data collection over longer time 

periods and further analysis. 

The model found to best describe the progression of crack­

ing after a slurry seal was applied is: 

where 

CR T (0.219 B + 1.43 CR) 
0 

R squared 

Standard error for residuals 

CR percentage area cracked; 

0, 7 7 0 

0, 1 3 0 

B Benkelman beam deflection (D.01 mm); 

( 3. 6) 

CR the last observed value of CR before slurry sealing; 
0 

T 0 if A - (A + 10/CR ) 5 0, 
0 s 0 

T A - (A + 10/CR ) otherwise; 
0 s 0 

A pavement age when it is being observed; 
0 

A 
s 

pavement age when it is slurry sealed (A 
0 

> A ) . 
s 

The t-values in Equation 3.6 are 2.80 and 6.34 for B and 

CR respectively. 
0 

The equation phows that once cracks appear after slurry 

sealing, their rate of increase is relatively high. 

3.5 RUT VEPTH STUVY 

The objective of this part of the study was to develop 

models to predict rut depth as a function of age and structural and 
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traffic variables. The mean, standard deviation and range of vari­

ables studied is presented in Table 3.10. The observed rut depths on 

the test sections were very low (maximum of 7.4 mm). 

Haas and Hudson (1978) indicated that the major possible 

effects of excessive rutting on the road user are: 

1. hydroplaning; 

2. loss of vehicle control; and 

3. freezing of ponded water resulting in icy conditions. 

Of course, the last effect 

for Brazilian conditions. There are 

avoid the foregoing safety hazards, 

is 

no 

nor 

not a factor of importance 

absolute limiting values to 

can researchers and practic-

ing engineers generally agree as to a limiting criterion for maximum 

allowable rut depth, as discussed by Queiroz (1981). 

Although the limiting criterion for pavement rut depth 

varies among authors, it falls within the range of 10 to 25 mm. As 

mentioned earlier, rutting was found to be very slight in the study 

area, with an average of 2.5 mm. This means that rut depth probably 

will not act as a trig8er to initiate maintenance on the pavements 

st udied in this investigation. 

Empirical models apply to the inference space governed by 

the observed variables. Thus, any rut depth prediction model develop­

e d from the data currently available will apply for rut depths below 

7 . 4 mm, a s shown in Table 3.10. However, as previously demonstrated, 

it i s important to predict rut depths of at least 10 mm, in order 

that the prediction models find practical application. Therefore, no 

attempt has been made in this investigation to develop equations to 

predict pavement rutting. 

3. 6 SUMMARY AND CONCLUSIONS 

Models were developed to predict asphaltic concrete pave-

ment cracking. Two separate analyses W8re ~arried out to yield crack 

initiation and crack progression models. 

equations are useful to predict: 

The resulting regression 
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TABLE 3.10 - MEAN, STANDARD DEVIATION AND RANGE OF VARIABLES STUDIED 

TO EVALUATE RUT DEPTH 

Variable Mean Standard Minimum Maximum Deviation 

Number of sections 45 - - -

Age (years) 7 . 71 4. 8 0 1 . 5 20.5 

Benkelman beam 
deflection (mm) 0.78 0.43 0. 1 7 2. 1 3 

Corrected structural 
number 5.00 0.88 3.40 7.50 

Log cumulative 
l 0 

equivalent axles 5. 56 0.74 3.20 7.23 

Rut depth (mm) 2.53 0.90 0.40 7.40 
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1. the number of cumulative equivalent 80 kN single a x le 

loads to first crack, as a function of corre c ted s truc­

tural number; 

2. thE jegree of cracking as a function of Benkelman beam 

deflection, traffic, and age; 

3. the degree of cracking as a fGnction of Dynaflect 

deflection, traffic, and age; 

4. the degree of cracking as a function of corrected 

s tructural number, traffic, and age; 

5. the pavement age at a specified percentage cracking as 

a function of Benkelman beam deflection, rate of a x le 

load applications, and the degree of cracking, and 

6. the effect of slurry sealing on pavement cracking. 

The models developed are acceptable with respect to the 

t ra d itional s tatistical criteria of levels of significance, and have 

hi gh l y s tabl e regre s sion coefficients, as evaluated through ridge 

a nal ys i s . 

Rutting wa s found to be very slight in the study area. 

Thi s me an s that rut depth probabl y will not act as a trigger to 

ini t iate maintenance on the pavements studied in this investigation. 

Any rut d e pth prediction model derived from the data base currently 

a v a ila b l e would not apply to the range of interest in practical app l~ 

ca t ions . Th u s , no equation wa s developed to predict rut depth. 
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4 • 1 INTROVUCTION 

Road maintenance in the form of blading has the greatest 

influence on the roughness-time curve; consequently. two blading 

strategies were evaluated. The first consisted of withholding blad­

ing for as long as possible on all 48 unpaved study sections because 

of difficulties in the control of blading operations. The second 

strategy consisted of selecting ten study sections in the vicinity of 

Brasilia, each of which was divided into two subsections. Under this 

strategy one subsection was bladed every two weeks, whereas the other 

subsection was bladed every six weeks. Table 4.1 contains the depen­

dent and independent variable statistics for the roughness studies. 

and these statistics aid in placing in perspective the inference 

space within which the models were developed. 

4. 2 APPROACH FOR UNPAVEV ROUGHNESS ANALYSIS 

The period between bladings was considered a cycle since 

every time an unpaved road was bladed, the roughness was generally 

reduced and the new deterioration during the cycle depended on the 

length of time between bladings. Consequently, deterioration was 

considered a function uf the number of days since the last blading. 

In the Kenya study (Hodges. Rolt and Jones, 1975) the same approach 

wa s used, but in that study they assumed that blading a road return-

ed its roug hr1e ss t o some standard value. Inspection of the data col-

lected in Brazil showed that the roughness measured after blading 

varied, so that the assumption of a standa rd value would not be appropriate. 

Because roughness after blading was variable, and the number of days 

between blading varied widely, the analysis was executed in two parts: 

the first part consisted of predicting the change in roughness with 

time, while the second part involved predicting the roughness after 

blading. 

The choice of the form of the deterioration model was based 

on considerations of the interaction of a vehicle with a road. When 

a road is very smooth with no surficial irregularities, a vehicle im­

parts forces which are similar to its static loaaing. Then, as the 

first irregularities develop from traffic and weathering, increased 
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TABLE 4 . 1 - UNPAVED ROAD DATA SUMMA RY (Continued) U"1 
N 

Variable Mean Standard Range 
Deviation Minimum Maximum 

Number of sections = 48 

Grade (%) 3. 8 2. 6 0.0 8.2 

Curvature (1/Rad) on curved sections .0039 .0009 .0025 .0055 

Road width ( m) 9. 8 1 . 0 9 7. 0 1 2. 0 

MATERIAL PROPERTIES 

Percentage passing the 0.42 mm sieve 53 22 24 98 

Percentage passing the 0. 0 7 4 mm sieve 36 24 1 0 97 

Plasticity index (%) 11 6 0 33 

Liquid Limit ( %) 32 9 20 62 

AVERAGE DAILY TRAFFIC (both directions) 

Passenger cars 88 64 11 288 

Buses 7 7 0 29 

Pickups 37 29 4 11 5 

Two axle trucks 56 93 1 435 

Trucks and trailer combinations with more 

than 2 axles I 1 5 I 18 I 0 I 66 

TIME RELATED INFORMATION FOR GRAVEL LOSS 

Number of observations I 604 

Time of observation relative to start of 

observation or regravelling (days) I 238 I 211 I 0 I 1099 

Number of bladings relative t-D start of 

observation or regravelling I 2.3 I 3.3 I 0 I 23 
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TABLE 4.1 - UNPAVED ROAD DATA SUMMARY 

Variable 

INFORMATION RELATED TO ROUGHNESS MEASUREMENTS 

Roughness (QI* counts/km) 

Number of days since blading for the last 

observation in each blading period 

Number of vehicle passes since blading for 

the last observation in each blading period 

INFORMATION RELATED TO RUT DEPTH MEASUREMENTS 

Rut depth (mm) 

Number of days since blading for the 1 as t 

observation in each blading period 

Number of vehicle passes since blading for 

the last observation in each blading period 

Mean Standard 
Deviation 

11 7 6 1 

75 70 

16080 17880 

1 1 . 1 8. 6 

6 1 66 

12490 14030 

-- -------------- --- , __ 

Minimum 

1 5 

1 

63 

0 

1 

21 

(Conclusion) 

Range 
Maximum 

i 

445 

661 

136460 

75 

661 

86700 

U1 
w 
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dynamic forces are imposed on the road with resultant deterioration 

and a rapid increase in roughness. At the upper end of the roughness 

scale it is unlikely that a road will continue to increase in rough­

ness, but rather that at a very high roughness level, the vehicles 

slow down and there is hardly any change in roughness. In fact, if 

all conditions of traffic and weather remain constant, virtually the 

same roughness will be maintained. 

In addition to the macro-development of roughness, as des­

cribed above, there is also the micro-development of roughness as­

sociated with the period immediately following a blading. This 

usually occurs within the first few days after blading, and although 

no data on this aspect was collected, a possible deterioration mecha­

nism is postulated for completeness. The mechanism is probably dif­

ferent for the dry and rainy seasons. In the dry season the loose ma­

terial is scraped from the side drains and is pulled over the road 

filling the depressions and acting as a blanket to retard the abra­

sive action of tires on the surfacing. However, because the moisture 

content is generally low, there is nothing to bind the material and 

consequently within a relatively small number of vehicle passes most 

of the material will again be displaced into the side drain. This 

means that there will be a rapid increase in roughness until most of 

the loose material has been dislocated, and then the rate of rough­

ness development will reduce to the long term rate. Although bring­

ing in loose material from the side drain was accepted practice in 

the study area, it should be noted that an alternative maintenance 

philosophy exists, namely all loose material is bladed off the road 

since it is claimed that loose material acts as a grinding paste and 

adds to abrasion and gravel loss. It is likely that each philosophy 

is applicable to specific material types, and this remains an area 

for further study. 

When blading in the wet season, loose material is also 

brought in from the side drains and sometimes the existing road sur­

face is cut to eliminate high spots and to generate material to fill 

in the low spots. Usually sufficient moisture is available that the 

material is not displaced into the side drains and is comp a cted under 

traffic. However, an uneven thickness of loose material across the 

road width results in depressions under traffic compaction. There­

fore, initially there is a fairly rapid development of roughness as 

vehicles seek out the smoothest path through a section, and thereafte~ 
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once this path has been developed, the roughness is slightly lower 

than before and the road deteriorates at the long term deterioration 

rate. 

In selecting a model type that could represent the deterio-

ration curve there were two important restrictions, namely: (1) that 

the model form could be linearized to accomodate the large number of 

deterioration cycles studied in a linear regression technique; and 

(2) that the data would permit the development of the model. 

Inspection of the data showed that the rate of increase in 

roughness with respect to time or traffic is a function of the cu rrent roughness 

level (QI*), not of the initial roughness level after blading (QI*) 
0 

as some engineers may suggest. This means: 

dO I* 

dt 

f (QI*) 

Both the logit and exponential models possess the above 

property, although they are not the only ones. 

A first model type is the typical s-shaped or logit curve. 

This has the general form of: 

where 

QI* QI*min + (QI*max - QI*min)/{1 + EXP(-t.f)} 

QI* roughness; 

t time; 

f regression function which is a linear combination of 

independent variables. 

The major disadvantage of this type of model is the fact 

that it is symmetrical about (QI*max - QI*min)/2, and that its 

maximum rate of change of roughness is also at this point rather than 

at some higher roughness level as is expected. 

This model does have the benefit that it can be linearized 
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readily. In addition, QI*max and QI*min are actual limits of rough­

ness, which are respectively 450 and 15 as observed during the s tud y 

period and were thus used in the development of the prediction model. 

Another model type that could readily fit the hypothesized 

deterioration curve is a piecewise combination of two exponential type 

curves. However, inspection of the data showed that very little data 

existed in the range from 300 to 450 QI*, and thus the piecewise 

combination of two curves became unfeasible. Because of the absence 

of extensive data in the higher roughness range an exponential curve 

which would have a similar shape as the logit curve in the low rough­

ness range but would then continue increasing indefinitely, could fit 

the data adequately. An artificial upper limit at 450 QI* would make 

the model practical. The general form of the exponential model is: 

QI* EXP (fl + t.f) 

where fl = regression function, a linear combination of independent 

variables and the other variables are as previously defined. 

The advantage of both the logit and the exponential model 

is that since the standard deviation of roughness is related to the 

magnitude of the roughne s s a logarithmic transformation results in 

homogeneous variances for the regression analysis. 

selected for evaluation as described below. 

Both models were 

For the development of a prediction model for the roughness 

after blading, a logarithmic transformation of both the roughness 

before and after blading was deemed necessary to homogenize variances . 

The greater the measured roughne s s, the greater was the observed 

standard deviation of observations. The roughness after blading was 

then evaluted as a linear combination of the roughness before blading 

and material property effects and section characteristics. 

4. 3 ANALYSIS OF CHANGE OF ROUGHNESS WITH TIME 

Two functional forms of the roughness-time relationship 

were evaluated, namely, an exponential and a logit relationship. In 
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both these relationships the regression function was assumed to be a 

linear combination of the independent variables. The following inde­

pendent variables were evaluated: (1) grade of road; (2) radius of 

curvature; (3) liquid limit of surfacing material; (4) plasticity 

index of surfacing material; (5) percentage of surfacing material 

passing the 0.42 mm sieve; (6) percentage of surfacing material pass­

ing the 0.074 mm sieve; (7) average daily traffic of each of five 

vehicle classes: cars, pickups, buses, two axle trucks and other 

trucks; (8) uphill or downhill lane; (9) road width; (10) wet or 

dry season; (11) qualitative surfacing type descriptors, ~.g. late-

rite, quartzite or clay; 

blading. 

and (12) time in days since the most recent 

The generalized linear model (GLM) procedure of the SAS 

statistical package (SAS Institut~ 1979) was used to evaluate the 

significant effects. Since the objective of this analysis was to 

determine the rate of change of roughness, the intercept terms were 

removed by centering the data through the mean time within each cycle 

between bladings. Then , one two factor interactions of the other 

independent variables with time were investigated. 

The following independent variables were found significant 

in the exponential model: 

where 

LOQ 0{0.4314 - 0.1705T2 + 0.001159 NC 

+ 0.000895 NT - 0.000227 NT x G 

+ S (-0.1442 - 0.0198 G + 0.00621 SV 

- 0.0142PI - 0.000617 NC)} 

LOQ change in natural logarithmic value of roughness 

(QI* counts/km); 

( 4 . 1 ) 

0 number of days since last blading in hundreds, ~.~., 

time/100; 

T2 surfacing type dummy variable: 

T2 if surfacing is clay; 

T2 0 otherwise. 

NC average daily car and pickup traffic in both 

directions; 
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NT average daily bus and truck traffic in both 

directions; 

G absolute value of grade in percent; 

S season dummy variable: 

S 0 if dry season, 

S if wet season; 

SV percentage of surfacing material passing the 

0.074 mm sieve; 

PI plasticity index of surfacing material (%) 

The t-values of each coefficient are given in Table 4.2. 

This model has an R-squared value of 0.26, and the sample size was 

8276. 

The confidence interval (CI) relates to that of predicting 

one future value, in this case the roughness of a 320 m section, and 

is as follows for the large sample sizes employed: 

where 

CI y ± 2.01 s/1+~ 
n 

y predicted value; 

s standard error of the prediction model; 

n number of observations in the sample used to develop 

the prediction model, which is very large for the 

models and thus 1/n is approximately zero. 

For a standard error of the model of 0.222, approximate 95% 

confidence intervals are LDQ + or - 0 .433 for the logarithmic value 

of the change in QI*, or from 0 .6 5 to 1.54 per unit change in QI*. 

Thus, if equation (1) predicts a change in roughness of 100, the true 

value of the change falls between 65 and 154 with 95% confidence. 

Note that although the R-squared value is relatively low, a 

very large number of observations were taken, so the equations are 

statistically highly significant . Another contributory factor to the 

relatively low R-squared value is the large variability in roughness 

across the road width and within the relatively short road sections 
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TABLE 4.2 - REGRESSION ANALYSIS OF THE CHANGE IN ROUGHNESS (IN QI*) 

WITH TIME 

Parameter Estimate Standard 
t-value Deviation 

D 0.4314 0.0250 17. 26 

D X T2 -0.1705 0.0258 -6.6 0 

D X NC 0.001159 0.000155 7.46 

D X NT 0.000895 0.000087 10.2 2 

D X NT X G -0.000227 0.000049 -4.6 5 

D X s -0.1442 0.0463 -3. 11 

D X s X G -0.0198 0.0051 -3.87 

D X s X sv 0.00621 0.00073 8.43 

D X s X PI -0.0142 0.0021 -6. 7 5 

D X s X NC -0.000617 0.000199 -3. 1 0 

59 

Digitised by the University of Pretoria, Library Services, 2012



60 

that were studied. This meant that the Mays Meter vehicles, although 

attempting to follow the same wheelpath through a section, were not 

always successful. Finally, a high R-squared value means that there 

is a precise relation between dependent and independent variables. 

We know that in the unpaved road studies the wheeltracks moved to 

different lateral positions as the vehicles found more desirable 

paths in terms of roughness or rut depth than the previously used 

paths. This means that the roughness could decrease or increase from 

one time to the next, without maintenance. The regression model thus 

depicts what happens on the average to the roughness on unpaved roads. 

One of the major objectives of the regression analysis was 

to determine the relative influen ce of different vehicle types on the 

development of roughness. Unfortunately, a number of sections had no 

truck other than two axle or bus traffic, with the result that these 

vehicle type average daily traffic figures affected the residuals 

only on a few specific sections. As a consequence, the regression 

coefficients were either of the wrong sign, or they were dispropor­

tionately larger or smaller when compared with the other vehicle 

types . Cars and pickups were also highly correlated, as would be 

expected , since the proportions of these two vehicle types were fair­

ly constant. Consequently, only the two vehicle groups, cars and 

pickups, and buses and trucks, termed cars and trucks respectively, 

were found to be meaningful. 

Another regression model in which the average daily traf­

fic was substituted for the two traffic classifications, was evalu­

ate d . This model had an R-squared value which was significantly 

smaller, at the 0 . 01 level, than the R-squared of model (4.1). There­

fore the hypothesis that the coefficients of the two traffic class ifi­

cations in model (4.1) are equal is rejected. However, the confiden­

ce interval for this new model is not meaningfully larger than that 

of model (4.1), and therefore care should be taken in the application 

of equivalency factors between the two vehicle types. 

Model (4.1) predicts an 

even in the absence of traffic. 

sified as having a clay surface. 

of binding of the surfacing which 

increase of roughness with time 

This effect is reduced on roads clas­

This is believed to be the result 

is not adequately described by liquid 

limit, plasticity index or percentage of the surfacing material pas­

sing the 0.074 mm sieve. Other effects are as follows: 
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- Both the average daily car and truck traffic are posi­

tively correlated with the rate of change of roughness 

on the level road and the effects are very similar. 

i.e., one truck passage increases the roughness appro­

ximately as much as one car pass. On grades, the truck 

influence is reduced and on a four percent grade, the 

truck influence is zero. This is possibly attributable 

to low truck speeds on the grade since the sections 

were generally 720 m in length, and that the trucks 

compact the surfacing, and even tend to smooth out un­

evenness. At the lower truck speeds, abrasion of the 

surfacing may also be lower than at higher speeds. 

2 - In the wet season, the development of roughness is 

lower than in the dry season. On grades, the rate of 

roughness development is further reuuced, probably 

because of better drainage. Transverse erosion was 

minimal on grades greater than 5%. In these cases where 

longitudinal erosion occurred vehicles avoided it and 

there was thus no influence on roughness. 

3 - The influence of cars is reduced in the wet season 

to such an extent thak one truck passage is equivalent 

to 1.7 car passages on the level road. On grades, truck 

influences are again reduced compared to the level 

stretches. as occurs during the dry season. 

4 - Surfacing material characteristics are important in the 

wet season. Increasing the material passing the 0.074 

mm sieve increases the rate of roughness development, 

whereqs an increase in the plasticity index has an op­

posite effect. Historically clay has been added to 

sand to enhance the wearing characteristics, and thus 

is reflected in the model, since clay has a higher PI 

than sand. From experience, in the wet season a low 

percentage of fine material, and consequently a low 

plasticity index, is beneficial. For the percentage 

of surfacing material passing the 0.074 mm sieve great­

er than 2.28 times the plasticity index, the model 

predicts an increase in roughness in the wet season, 

all other factors being constant. 
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Model (4.1) predicts the development of roughness in terms 

of inter alia wet or dry season. For the central plateau region of 

Brazil where the study was e xecuted, this type of differentiation may 

be sufficient, but problems are possible when the model is extra-

p o l a t e d t o o t h e r r e g i o r:l·S i n B r a z i l , o r t o o t h e r c o u n t r i e s . Conse-

quently a further analysis was run in which actual rainfall data was 

used. From the logistics involved it was not possible to maintain a 

rain gauge at every test section. Instead, the rainfall data col­

lected by the Meteorology Department of the Ministry of Agriculture 

at permanent recording stations we re used. 

region there were seven recording stations. 

In the unpaved study 

The distances from the 

stations to the test sections were less than generally accepted as 

the influGnce radius of a station. However, because of the distances 

from the stations, microclimate influences were undetermined and an 

averaging of the rainfall data occurred. In addition to the factors 

evaluated for Model (4.1), the cumulative rainfall since the last 

blading was considered. 

·significant: 

The following variables were found to be 

LDQ 0(0.3759 - 0.1010T2 + 0.000320NC + 0.001015NT) 

+ CRF(-0.00016 - 0.0000354G + 0.00000883SV 

- 0.0000218PI) ( 4. 2) 

where CRF = cumulative rainfall since the previous blading, in mm, 

and the other variables are as defined for Model (4.1). Model (4.2) 

has an R-squared value of 0.31, a standard error of 0.236 and the 

sample size was 8276. 

in Table 4.3. 

The t-statistics of each coefficient are given 

The R-squared value of model (4.2) is larger than that for 

Model ( 4 . 1 ) since a different an a lysis method was employed to accommo _ 

date the cumulative rainfall. On the other hand, the standard err6r 

is larger than for Model (4.1), but this difference is not consider­

ed to be meaningful. 

The inclusion of rainfall substituted adequately for the 

season dummy variable used in Model ( 4.1). Furthermore, the coef­

ficients of Model (4.2) excluding rainfall effects are similar to 

those of Model (4.1) for the dry season. Two traffic terms found 

significant in Model (4.1) became non-significant when rainfall was 
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TABLE 4.3 - REGRESSION ANALYSIS OF THE CHANGE IN ROUGHNESS (IN QI*) 

WITH TIME, INCLUDING RAINFALL 

Parameter Estimate 
Standard 

t-value 
Deviation 

D 0.3759 0.0156 24. 1 3 

D X T2 -0.1910 0.0162 -11.81 

0 X NC 0.000320 0.000072 4.47 

0 X NT 0.001015 0.000073 1 3. 9 8 

CRF -0.000160 0.000045 -3.56 

CRF X G -0.0000354 0.0000052 -6. 7 9 

CRF X sv 0.00000883 0.0000008 11 . 4 6 

CRF X PI -0.0000218 0.0000022 -10.10 
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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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5. 1 SCOPE OF THE GRAVEL LOSS STUVIES 

Regravelling is the major maintenance operation on unpaved 

roads, and it is analogous in importance to overlaying a paved road 

with asphaltic concrete. It is therefore important that the ag~ncy 

responslble for regravelling know when it should be programmed. The 

gravel loss studies were aimed at predicting the loss of surfacing 

material on sections with laterite and quartzite gravel and sections 

without gravel, i.e., clay. The surfacing material of these latter 

sections contained more than 35 percent material passing the 0.074 mm 

sieve. A data summary of the dependent and independent variables 

studied is given in Table 5.1. These statistics aid in putting the 

model inference space into perspective. Original data are contained 

in Working Documents 9, 13, 14, and 15 of this project (Visser and 

Queiroz, 1979). 

5.2 APPROACH FOR GRAVEL LOSS ANALYSIS 

Grave 1 1 o s,s i s de f i n e d as the change in grave l t hi c k n e s s 

over a period of time. On a well compacted subgrade the change in 

gravel level or gravel height is the change in gravel thickness. 

Although gravel thickness is not necessarily equivalent to gravel 

level or gravel height under all conditions, gravel thickness is used 

in this report as a synonym for gravel level or height. Since gravel 

loss is a change of gravel thickness over time, it was not necessary 

to determine an absolute value at some initial point in time as was 

done for unpaved roughness and rut depth. Gravel loss was evaluated 

for the interval between regravellings, which initiated a new analy­

sis cycle, or from the time of the first observation until a regrav­

elling occurred. 

Three major influences were identified as affecting gravel 

1 o s s . T h e s e a r e w e a t h e r i n g , t r a f f i c , and the in f 1 u en c e of maintenance i n 

the form of blading. Material properties ancJ road alignment and width 

then influence the gravel loss generated by each of these influences. 

The general model is then: 

gravel loss= (t-ime)fl + (time)(average daily traffic)f 2 

+ (bladings)f3 
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TABLE 5. 1 - UNPAVED ROAD DATA SUMMARY (Continued) 00 
0 

Variable Mean Standard Ran e 
Deviation Minimum Maximum 

Number of sections = 48 

Grade (% ) 3.8 2.6 0. 0 8.2 

Curvature (1/Rad) on curved sections .0039 .0009 .0025 .0055 

Road width ( m) 9. 8 1 . 0 9 7. 0 12. 0 

MATERIAL PROPERTIES 

Percentage passing the 0.42 mm sieve 53 22 24 98 

Percentage passing the 0.074 mm sieve 36 24 1 0 97 

Plasticity index (%) 11 6 0 33 

Liquid limit (%) 32 9 20 62 

AVERAGE DAILY TRAFFIC (both directions) 

Passenger cars 88 64 1 1 288 

Buses 7 7 0 29 

Pickups 37 29 4 11 5 

Two axle trucks 56 93 1 4 35 

Trucks and trailer combinations with more 

than 2 axles I 1 5 I 1 8 I 0 I 66 

TIME RELATED INFORMATION FOR GRAVEL LOSS 

Number of observations I 604 

· Time of observation relative to start of 

observation or regravelling (days ) I 2 38 I 211 I 0 I 1099 

Number of bladings relative to start of 

observation or regravelling I 2. 3 I 3.3 I 0 I 23 
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TABLE 5.1 - UNPAVED ROAD DATA SUMMARY 

Variable 

INFORMATION RELATED TO ROUGHNESS MEASUREMENTS 

Roughness (QI* counts/km) 

Number of days since blading for the last 

observation in each blading period 

Number of vehicle passes since blading for the 

last observation in each blading period 

INFORMATION RELATED TO RUT DEPTH MEASUREMENTS 

Rut Depth (mm) 

Number of days si~ce blading for the last 

observation in each blading period 

Number of vehicle passes since blading for the 

last observation in each blading period 

Mean 

1 1 7 

75 

16080 

1 1 . 1 

6 1 

12490 

Standard 
Deviation 

6 1 

70 

17880 

8. 6 

66 

14030 

Minimum 

1 5 

63 

0 

21 

(C onc lu sion ) 

Range 
Maximum 

44 5 

661 

136460 

75 

661 

86700 

co 
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where f 1 • f 2 • and f 3 are linear co~binations of material properties 

and road alignment and width. 

The average elevation of a subsection relative to the bench 

mark was used to evaluate gravel loss. These elevations were obtain­

ed at about three monthly intervals, and it was not possible to sepa-

rate seasonal influences. In the Kenya study (Hodges, Rolt and Jone~ 

1 9 7 5) it was shown that no seasonal pattern existed in the data. and 

this also appeared to be the case for the Brazil data. Furthermore. 

seasonal influences do not have any practical implications since the 

agency responsible for regravelling wishes to know its frequency in 

terms of years. and has little interest in the influences of each par­

ticular season. 

5. 3 ANALYSIS OF GRAVEL LOSS 

The analysis of gravel loss considered the following inde-

pendent variables: 

since regravelling; 

(1) time in days since observations started or 

(2) grade; (3) horizontal curvature; ( 4) liquid 

limit and (5) plasticity index of surfacing material; ( 6 ) t h ·e p e r -

centage of surfacing material passing the 0.42 mm sieve and (7) the 

0.074 mm sieve; (8) qualitative description of the surfacing type. 

~.g., laterite and quartzite; (9) numbers of vehicles per day of 

each of cars. buses, pickups. two-axle trucks and other trucks and 

truck-trailer combinations; (10) road width; and (11) the number of 

bladings since observations started or since regravelling. Three 

factor interactions were also investigated. i.~., time and bladings 

times two factor interactions of the other independent variables. 

The GLM procedure of the SAS statistical package (SAS Insti-

tute, 1979) was used to determine the significant factors. This pro-

cedure permitted evaluation of different combinations of factors, un­

like stepwise regression where it is difficult to determine signifi­

cant effects in cases of high correlation among factors. 

Two models containing terms multiplied by the number of 

bladings were developed within experimental conditions. where the ma­

ximum number of bladings was 23. Some org~nizations. such as the 

U.S. Forest Service (Lund, 1973), blade a road at very frequent inter-
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vals- some times daily- and this gives a value of B far in excess of 

that used to develop the model. This leads to unrealistically high 

gravel loss predictions. To overcome this limitation a model contain-

ing only interactions with time was investigated. 

factors are the following: 

The significant 

where 

GL 0(-1.58 + 0.366 G + 0.083 SV- 0.210 PI 

+ 0.0132 NC + 0.0081 NT + 420.45/R) 

GL gravel thickness loss in m~ 

( 5 . 1 ) 

0 t i me p e r i o d c o n s i d e r e d , i n h u n d r e d d a y s , i . e . , d a y s I 1 0 0; 

G absolute value of grade in percent 

SV percentage of surfacing material passing the 0.074 mm 

sieve; 

PI plasticity index (PI) 

NC average daily car and pickup traffic, both directions; 

NT average daily truck traffic, both directions; 

R radius of horizontal curvature, in m. 

The t-values of each coefficient are given in Table 5.2. 

The R-squared of this model is 0.60, the sample size 604, and the 

standard error of the model 11.43. Assuming normality of the 

residuals, the approximate 95 percent 

GL + or - 22.8 mm. 

confidence interval 

Several observations relate to this model. 

is 

1. Increasing the grade, the percentage of material pass­

ing the 0.074 mm sieve, the average daily car and truck 

traffic. or decreasing the radius of curvature increases 

gravel loss. 

2. Increasing the plasticity index decreases the gravel 

1 o s s , i . e . , t he p .1 a s t i c i t y i n de x rep re se n t s t h e c e m e n t i n g 

or binding ability of the fine material. 

3. Gravel loss associated with the pass·age of one passenger 

car is twice that of one truck passage. Care should be 

taken in attaching too much weight to the vehicle equiv-
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TABLE 5.2 -GRAVEL LOSS REGRESSION ANALYSIS (MODEL 5.1) 

Parameter Estimate* 
Standard 

t-value 
Deviation 

D 1 . 58 0.96 1 . 6 4 

D X G 0.366 0 . 1 0 3 3.56 

D X sv 0.083 0. 016 5.01 

D X PI -0.210 0.054 -3.88 

D X 1\JC 0.0132 0.0030 4.40 

D X NT 0.0081 0.0027 3. 0 1 

D/R 420.45 116.07 3.62 

* Negative sign denotes gravel loss. 
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alency factors, as demonstrated below. 

4. Attempts were made to evaluate the effects of each of 

the different vehicle types, but the relatively small 

numbers of buses, pickups and trucks other than two­

axle resulted in insignificant influences, or these 

vehicle influenc es resulted in illogical signs on the 

coefficients which were incompatible with field experi­

ence. Consequently only two vehicle types were used. 

5. Surfacing material properties explain e d the influence 

of surfacing type sufficiently well such that the 

qualitative surfacing type descriptors were not found 

to be significant . 

Model (5.1) also contains blading influences although not 

explicitly defined. When using this model it is assumed that the 

importance of blading influences decreases as the frequency of blading 

increases. For example, the effect of a blading every day on gravel 

loss is not the same as a blading every three months. 

it is assumed for Model (5.1) that blading influences 

irrespective of the number of bladings that occur. 

5.4 DISCUSSION OF THE MODELS 

On the average, 

are consta-nt 

Despite of the dangers of developing vehicle equivalency 

f a c t o r s , M o d e 1 ( 5 . 1 ) ha s a w i d e a p p l i c a b i 1 i t y a n d i s s u g g e s t e d a s t h e 

model for general use. Th e effects of the factors that were found to 

be significant are in general agreement with field experience . A 

com pari so n of gravel 

for t wo sections are 

loss measurements and the predicted gravel loss 

g i v e n i n Figures 5 . 1 a n d 5 . 2 . F i g u r e 5 . 1 s h o w s 

the informa t ion for Section 205, which,according to the records, was 

never bladed in an 18 month period. The predicted gravel loss was 

centered through the mean date and mean gravel thickness. Section 

25 1, on the other hand, was heavily trafficked, received frequent 

bla dings and is one of the sections on which almost three years of 

data were collected. The predicted curves were again centered through 

the mean gravel thickness and mean time for each period between re­

grave llings. Both figures d e monstrate good concordance between mea-

s urements and predictions. In some cases the gravel thickness mea-
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sured after regravelling on, for example, Section 251, was much hi gh­

er than that predicted. This is attributed to the material being rel-

atively uncompacted. In other cases, the material was relatively 

well-compacted as shown by the predicted and measured gravel thick­

ness, although to the best knowledge only traffic compaction was used 

in all cases. It could be argued that it would be necessary to pre-

diet initial compaction effects, but since this is extremely variable 

and little information on the degrees of compaction is usually avail-

able, this will have little benefit . When calculating gravel quan-

tities, engineers take b ulking and compaction effects into account 

to achieve a final compacted thickness . In repeating this type of 

study it may be worthwhile to i n i t i a t e measurements, say, one month 

after regravelling, to overcome initial compaction effects. 

T a b l e 5 . 3 w a s g e n e r a t e d f r o m M o d e l ( 5 . 1 ) t o a s s i s t in obtain -

ing some feel for the behavior of the model. Values covering the 

extremes of the independent variables were selected. This resulted 

in combinations which normally do not exist in practice, such as a 

surfacing material containing 10 percent of the material passing the 

0 . 074 mm sieve which has a plasticity index of 30. 

model predicts a gravel gain, which is unrealistic. 

For this case the 

To avoid the pre-

diction uf unrealistic values for cases such as these, it is neces­

s a r y t o u s e a n o m i i l a l a n n u a l g r a v e l l o s s o f , s a y , 5 m m w h e n e v e r t h e 

gravel loss is less t han thi s value . 

An attempt to include cumulative rainfall in the model 

was un s uccess f ul since it resulted in a model that predicted contrary 

to held experience, and al s o re s ulted in a change-over of effects 

within the data range studied . 

5.5 SUMMARY 

Model (5.1) is recommended for general use and comparison 

of the predictions from this model with data collected in Kenya show 

good agreement. From a very limited comparison it appears that al-

though the Brazil data was collected in a region of about 1600 mm 

annual rainfall, the mod e l is valid for predicting gravel loss in 

low rainfall regions, ~.g., below 750 mm per year. An attempt to 

include rainfall in th e Brazil gravel lo ss prediction model was un-
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successful. 

Under certain combinations of factors outside the range in 

which the model was developed, gravel gains or unrealistically low 

gravel loss can occur. To overcome this problem a minimum annual 

gravel loss of 5 mm should be used, irrespective of the model pre­

dictions. Very short radius curves result in unrealistically high 

gravel loss predictions, and from a comparison with the Forest Service 

Study a substitution of a 100 m radius for smaller radius curves in 

Model (5.1) is recommended. 
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6 • 1 INTRODUCTION 

Users of unpaved roads cl a im that deep ruts affect the safe 

o p era t i o n of v e hi c l e s, a n d c a n l e ad t o a c c i d en t s . I n add it i o n , pro mi­

nent ruts act as drainage channels and prevent water from running off 

the roadway, thus causing dra in age problems which could lead to rapid 

deterioration of the riding quality or the road becoming impassable. 

The responsible agency therefore needs to know when to program main­

tenance in terms of the developed rut depth. The rut depth studies 

were aimed at predictin g rut depth at any point in time, in both the 

wet and dry seasons. A data summary of the dependent and independent 

variables ~tudied are given in Table 6.1. These statistics aid in 

defining the inference space in which the models were developed. 

6. 2 APPROACH FOR RUT DEPTH ANALYSIS 

A deterioration cycle for rutting starts following a given 

blading and continues until the ne x t blading. Thus a deterioration 

cycle is a short term phenomenon, and it was possible to make obser­

vations during a number of cycles during the study period. The 

a1nount of deterioration was a function of the length of time between 

bladings. Inspection of the data showed that, contrary to general 

belief, rut depth after blading was not zero. This agreed with the 

Ke nya study (Hodges, Rolt and Jones, 1975) where models predicted a 

non- z ero rut depth after blading. Because the rut depth after blad­

ing was variable, and the number of days between bladings varied wide­

ly, the anal ysis was e xecuted in two parts: the first part consisted of predict­

i ng t he c hange in rut depth over time, while the second part addressed predicting 

the rut de pt h after blading. A combination of the two parts predicts the rut 

dep th as a function of time since blading and other independent variables. 

6. 3 ANALYSIS OF THE CHANGE IN RUT DEPTH WITH TIME 

The rate of change in rut depth was hypothesized to be a 

function of a linear combination of the independent variables. This 

model form was selected since the development of rut depth appeared 
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TABLE 6 .1 - UNPAVED ROAD DATA SUMMARY 

Variable 

Number of sections = 48 

Grade (%) 

Curvature (1/Rad) on curved sections 

Road width ( m) 

MATERIAL PROPERTIES 

Percentage pas s ing the 0 . 42 mm sieve 

Percentage pa ss ing the 0. 0 74 mm sieve 

Plasticity index (%) 

Liquid limit (%) 

AVERAGE DA IL Y TRAFFIC (both directions) 

Pa s senger cars 

Buses 

Pickups 

Two axle trucks 

Trucks and trailer combinations with more 

than 2 axles 

TIME RELATED INFORMATION FOR GRAVEL LOSS 

Number of observations 

Time of observation relative to start of 

observation or regravelling (days) 

r~ un 1b er CJ f b l ad i n g s relative to s tart of 

observation or regravelling 

Mean 

3.8 

.0 039 

9 • 8 

53 

36 

1 1 

32 

88 

7 

37 

56 

1 5 

604 

238 

2.3 

Standard 
Deviation 

2.6 

.00 09 

1 . 0 9 

22 

24 

6 

9 

64 

7 

29 

93 

1 8 

211 

3.3 

(Continued) 

Range 
Minimum I Maximum 

0.0 

. 0025 

7.0 

24 

1 0 

0 

20 

11 

0 

4 

1 

0 

0 

0 

8. 2 

. 0055 

1 2 . 0 

98 

97 

33 

62 

288 

29 

11 5 

435 

66 

1099 

23 

1..0 
+::> 
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TABLE 6. 1 - UNP AVED ROAD DATA SUMM AR Y 

Va riable 

I NFORMATIO N RELATED TO ROUGHNESS MEASUREMENTS 

Roughness (QI* counts/km) 

Number of da y s since blading for the last 

observation in each blading period 

Number of vehicle passes since blading for the 

last observation in each blading period 

INFORMATION RELATED TO RUT DEPTH MEASUREMENTS 

Rut depth (mm) 

Number of days since blading for the last 

observation in each blading period 

Number of vehicle passes since blading for the 

last observation in each blading period 

Mean 

11 7 

75 

1 6 08 0 

11 . 1 

61 

12490 

Standard 
Deviation 

61 

70 

17880 

8. 6 

66 

14 03 0 

(Conclusion) 

Range 
Minimum 1 Maximum 

1 5 445 

6 61 

63 136460 

0 7 5 

661 

21 86700 

1.0 
U1 
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to be independent of the e x i s ting rut d epth for the available data. 

The following independent vari a ble s were investigated: (1) horizon-

t a 1 a 1 i g n men t; ( 2) grade; ( 3 ) 1 i quid 1 i mit and ( 4 ) p 1 a s tic it Y index 

of surfacing material; 

passing the 0.42 mm and 

(5) th e percentage of the surfacing material 

( 6 J t he 0. 0 7 4 mm s ieve; ( 7 ) qua 1 it at i v e sur -

facing type descriptors, e_. g . , .1 ate rite, quart z i te and clay; ( 8 ) 

average daily traffic in both directions for five vehicle classes: 

cars, pickups, buses, two-a x le truc k s and other trucks; 

and e x ternal wheelpath; (10) uphill or downhill lane; 

( 9) internal 

(11) road 

width; and (12) seasonal effects. Two factor interactions of these 

independent variables and time were al s o studied. The dependent vari-

able investigated was the change in rut depth in mm. Because of var i-

ations in periods between b ladin g s, and also in the rut depths after 

bladings, the analysis was conducted by centering the data within 

each blading period throu g h the origin~ This procedure allows the 

dete r minati o n of t he cha nge of rut depth wit hout the in f luence of the rut depth 

after b la d in g . The GLM pro ced ure of the SAS packa ge (SAS Institute, 1979 ) wa s 

again u s ed t o perf o r m the r eg r ess io n ana l ys i s . 

Initially, two s e a s on parameters, representing wet and dry 

seasons, were used. A preliminary model predicted decreases in rut 

depth over time on most s ections durin g t h e wet season. Inspection 

of the data showed that a t the sta rt of the wet season a rapid de -

crease in rut depth oc c urr ed . T hi s con t in u e d for t he first two months 

of the season, or until the se c tion was bladed. It was postulated 

that this phenomenon wa s a r e sult of drivers avoiding the ruts where 

water was pon d ing, and thu s the ruts decreased. Therefore, a third 

sea s on de s criptor, transition s ea s on, was introduced. The signifi-

cant variables for t h e ch a nge in rut depth (ORO in mm) with time are 

shown in the model s for the t hre e seaso n al conditions: 

Dr y s eason ( S 1 O,S 2 0 ) 

ORO 0 ( 9 .7 8 - 1.033G- 0 .192PI- 3.63T2 + 0.0302NC 

+ 0. 0 1 9 8NT - 3.27RD - 3.04NT/R 

+ 0.46G X RO - 325 . OL/R + 0 . 0 3 64 L X SV) ( 6 • 1 a) 

Digitised by the University of Pretoria, Library Services, 2012



where 

Transition season (S1 1 • S2 0) 

ORO 0(-83.76 + 3.658G - 0.192PI - 3.63T2 - 0.1147NC 

+ 0.1249NT - 3.27RO - 3.04NT/R + 0.46G x RO 

97 

- 325.0L/R + 0.0364L X sv + 6.874W) ·(6.1 b) 

Wet season (S1 0. S2 1 ) 

ORO 0(9.78 - 1 .033G - 0.192PI - 3.63T2 - 0.0109NC 

·+ 0.0198NT - 3.27RO - 3.04NT/R + 0.46G X RO 

- 325.0L/R + 0.0364L x SV) (6.1 c) 

0 time since last blading. in days/100; 

G absolute value of grade. in percent; 

PI plasticity index, in percent; 

T2 surfacing type dummy variable: 

T2 if surfacing is clay. 

T2 0 otherwise; 

NC average daily number of cars and pickups in both 

directions; 

NT average daily number of buses and trucks in both 

directions; 

RO wheelpath dummy variable: 

RO 0 for external wheelpath, 

RO for internal wheelpath; 

R r adius'of curve. in m; 

L lane dummy variable: 

L 0 for uphill lane. 

L for downhill lane. 
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S1 transition from dry to wet season dummy variable: 

first two months of wet season or until first 

blading in this period, S1 1, otherwise S1 0; 

S2 wet season dummy variable: after first blading in 

first two months of wet season, or after two months 

in wet season, S2 1, otherwise, S2 0; 

W road width, in m. 

The t-values of each coefficient are given in Table 6.2. 

This model has an R-squared value of 0 .14, a standard error of 4.87 

and 7957 observations were used in the regression analysis. The 9 5 

percent confidence intervals are ORO + or - 9 .50. The R- squared value 

is low because of the variations in the position of the ruts result­

i n g i n me a s u r e d r u t d e p t h s w h i c h a r e v a r i a b l e a n d t h u s d o no t c o r r e --

late highly over time. The model depicts an average condition of the 

ruts . In addition, a very large data base was used and the model is 

statistically highly significant . 

As a check for the robu s tness of the coefficients of the 

traffic terms, a f ur ther analysis was run using the average daily traf-

fie a s the only traffic term. The resultant model had an R-squared 

of 0.12, which is significantly l owe r than for mode l (6.1) at the 

0 . 01 level. Therefore, the hypothesis that the coeff icien ts of the 

two traffic classifications are equal is rejected. 

Equation (6 . 1) predi cts an increase in rut depth with time 

for both cars and tru cks in the dry season , and the influence of one 

car passag e is equivalent to 1 . 5 truck passages. On curves one car 

passage is equivalent to more than two truck passages, depending on 

the radiu s of curvature . These phenomena are attributed to a wider 

inf luence a r e a o f e s p e c i a l 1 y d u a 1 t r u c k w he e 1 s c o m p a r e d to car w he el s , 

and also since trucks do not necessarily travel with their wheels 

complete l y in the r uts , thus com pacting and disp lacin g material into 

the wheeltracks . In the wet and transition seasons the relative in-

fluences of cars and trucks change . Car traffic results in a de-

crease in rut depth, proba b ly because they avoid the existing ruts, 

whereas truck traffic has a s ignificant positive effect , probably 

b ecause of their compaction and movement of the surfacing material. 

In the transition season the coefficient of time is large and nega­

tive, signifying a large rate of reduction in rut depth, but this 

effect should be considere d in conjunction with the term containing 
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TABLE 6.2 - REGRESSION ANALYSIS OF THE CHANGE IN RUT DEPTH (IN mm) 

WITH TIME 

Parameter Estimate 
Standard 

t-value 
Deviation 

D 9. 7 8 1 . 52 6. 4 2 

D X G -1.033 0.292 -3.54 

D X PI -0.192 0.049 -3.94 

D X T2 -3.63 0. 9 2 -3.93 

D X NC 0.0302 0.0027 11 . 3 3 

D X NT 0.0198 0.0034 5.86 

D X RO -3.27 0. 8 3 -3.95 

D X NT/R -3.04 0. 9 9 -3.07 

D X G X RO 0.46 0. 1 8 2.57 

D X L/R -3 2 5. 0 9 3. 1 -3.4 9 

D X L X sv 0 . 0 3 64 0.0093 3.90 

D X S1 -93.54 1 3. 59 -6.88 

D X G X S1 4 . 6 91 0. 6 01 7. 8 0 

D X NC X S1 -0.1449 0.0159 -9. 1 0 

D X NT X S1 ll.105 1 0.0138 7.62 

D X w X S1 6 . 874 1 . 1 8 1 5.82 

D X NC X S2 -0.0411 0.0032 -12.80 

99 

Digitised by the University of Pretoria, Library Services, 2012



l 00 

road width, which h a s a fairly large and positive coefficient. 

surfaced roads rut at a slower r a te than laterite or quartz ite 

faced roads. 

Clay 

sur-

In the dry and wet seasons an increase in grade leads to a 

reduction in the predicted change in rut depth. This is attributed 

to improved surface and sub su rface drainage of sections on grade com­

pared to those on the level. An increase in plasticity index results 

in a decrease in the predicted change in rut depth, because of the 

better binding or cohesion of the higher plasticity index material. 

As would be e x pected, the rut in the internal wheelpath 

develops more slowly than in the e x ternal wheelpath, but on grades 

th is effect is changed such that on a 7 .1 per cent grade ruts in both 

wheelpaths develor at the same rate. The downhill lane develops ruts 

faster than the uphill lane, and this is predicted to be dependent on 

the percentage of f i ne material in the surfacing passing the 0.074 mm 

sieve. 

curves. 

This influence on the downhill lane is, however, reduced on 

It is believed that this phenomenon occurs because vehicles 

pay more attention to driving in the e x isting ruts to ensure braking 

capability in the region devoid of loose material. 

tracks the loose material could act as a lubricant. 

0 u t side the whe e 1-

6. 4 RUT DEPTH AFTER BLADING 

To develop a mo d el for predicting the rut depth immediately 

after blading, this rut depth would be required. It was impossible 

to coordinat 8 measurements on all 48 study sections to coincide with 

appli2d maintenancR, and rut depth measurements were made as soon as 

pos s ible aft Rr blading, usually within a few days. Consequently, rut 

depths immediatel y aft e r bladin g had to be computed. Using the change 

of rut depth with time model (Equations 6.1a to 5.1c), the rut depth 

after b ladin g was computed from the average rut depth and average 

observation time within each blading period. This procedure gives a 

more realistic estimate of the rut depth after blading than if only 

the first mea s urement had been used. The analysis was performed 

with rut depth after blading as the dependent variable, and the fol-

lowing independent variable s : ( 1) grade; (2) horizontal alignment; 

( 3) s urfacing material characteristics; (4) qualitative surfacing 
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type descriptor; (5) uphill or downhill lane; (6) external or inter­

nal wheelpath; (7) average daily number of cars and trucks; and (8) 

the interaction of wet season with these aforementioned independent 

variables. In this analysis. those measurements taken during the 

transition portion of the wet season were removed from the analysis. 

since by definition. no bladi~gs occur during this time. 

The significant variables are shown in the model for the 

rut depth immediately after blading: 

where 

FRO 5.46 + 3.80T1 + 4.74T2 + 0.0158 NT 

+ S2(0.178G- 587.4/R- 0.118 PI+ 3.00T1 

+ 0.0226 NC - 0.0134 NT) 

FRO rut depth after blading in mm; 

T1 surfacing type dummy variable: 

T1 1. if surfacing is quart z it e, 

T1 0. otherwise; 

T2 surfacing type dummy variable: 

T2 1. if surfacing i s clay. 

T2 o. otherwise; 

NT average daily truck traffic in both directions; 

S2 wet season dummy variable after first blading in 

first two months of wet season or after two 

months in wet season S2 = 1 otherwise. S2 = 0; 

G absolute value of grade in percent; 

R radius of curve in m; 

PI plasticity inde x . in percent; 

NC average daily car traffic in both directions. 

( 6 • 2 ) 

The t-values for the coefficients are given in Table 6.3. 

This model has an R-squared of 0.24. a standard error of 6.25 and the 

sample size was 2364. The 95 percent confidence interval for this 

model is FRO + or - 12.2. 

In the dry season (S2 = 0). the coefficients of the sur­

facin g type dummy variables signify different rut depths for the dif-

ferent surfacing types. This is believed to be attributable to dif-
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TABLE 6.3 - REGRESSION ANALYSIS OF THE RUT DEPTH (IN mm) AFTER 

BLADING 

Parameter Estimate 
Standard t-value 
Deviation 

Intercept 5.46 0.29 1 9. 0 9 

T1 3.80 0.38 1 0. 1 0 

T2 4.74 0.39 12.03 

NT 0.0158 0 . 0014 11 . 54 

S2 X G 0. 1 7 8 0.069 2.57 

S2/R -587.4 8 8. 7 -6.62 

S2 X PI -0.118 0.033 -3. 56 

S2 X T1 3.00 0. 56 5.35 

S2 X NC 0.0226 0.0023 9.79 

S2 X NT -0. 0134 0.0018 -7 . 41 
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ferent maintenance standards. rather than a surfacing type influence. 

A consistent influence over all three surfacing types is that of the 

number of trucks. The larger the average daily truck traffic. the 

greater the rut depth after blading. probably because of compaction 

of the surfacing which makes blading more difficult. In the wet sea-

iOn several other factors be~ome important. while the truck influence 

is virtually eliminated. For increasing grade and average number of 

cars the rut depth after blading is increased. as is the rut depth on 

quartzite surfaced roads. On curves. the rut depth is less than on 

tangents. probably because a wider dispersion of lateral positions 

o c c u r o n c u r v e s . A n i n c r e a s e in t he p 1 as t i city index r e s u 1 t s i n a d e -

crease in rut depth. This is attributed to the increased cohesion at 

relatively low moisture contents where the road was passable for the 

Mays Meter vehicles. but in those cases at high moisture contents 

wher e the road became impassable. no measurements were taken. 

A further analysis was run to determine whether the average 

daily traffic could adequately substitute the two traffic classifica­

tions of Model (6.2). The resultant model had an R-squared of 0.21. 

which is significantly lower. at the 0.01 level. than that of Model 

(6.2). Therefore. the hypothesis that the coefficients of the two 

traffic classifications are the same is rejected. 

6.5 DISCUSSION OF THE MODELS 

The rut depth at any time is determined using two models. 

One model predicts the change of rut depth over time. and the second 

predicts the rut depth after blading. Intuitively. one might expect 

that immediately after blading, rut depth should be zero. This was 

not found to be the case, and thus supports the findings of the Kenya 

study (Hodges, Rolt and Jones, 1975) which showed that the rut depth 

after blading was, for example, 11 mm on laterite roads. 

enon may be attributed to blading techniques. Blading on 

This p he nom­

the study 

sections in Brazil consisted of pulling loose material from the shoul­

der and spreading it over the roadway. The riding surface was normal­

ly not cut, particularly if the surface was firmly compacted. 

Table 6.4 shows the change in rut depth over a 100 day 

period generated from Model (6.1). The values are for the external 
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whe e lpath and for a surfacing material which has 10 percent passing 

the 0 .074 mm sieve. Substantial ruts develop under heavy traffic, as 

evidenced by the predicted 30 mm change in rut depth. However, in 

g eneral, the change in rut depth over a 1 0 0 day period is relatively 

small, suggesting that rutting may not trigger maintenance for the 

strong pavements studied. 

Figures 6.1, 6.2 and 6.3 show the data points and the rut 

depths predicted from Equations 6.1 and 6.2 for several different 

sections. The lack of close agreement between data points and pre-

d ie t ed values is due in part to using equations that fit the data for 

all study sections. Also, the vertical scale of the plots is exag­

g erated for a very small unit of measurement (mm) on an e x tremely 

v ariAble property. The figures show that the rut depth is self­

re st oring during the transition of the dry to wet season, ~.~., the 

rut depth after the transition season is relatively low. This is at-

tri b uted to drivers who, in avoiding the water in the ruts, generate 

new wheeltracks which were then measured. According to all acounts, 

section 205 was never bladed during the observation period and the 

predicted ru t depth represents this situation. There are no data 

points from November to April because the road was e x tremely muddy, 

and at times c ompletel y impassable to the Mays Meter vehicles. In 

addition, the transverse road profile was extremely uneven from mate­

ri a l that was squeezed aside making realistic measurements e x tremely 

diffi c ult. 

The use of Equation 6.1 in the transition season can possi­

bl y r es u l t in negative rut depths. Inspection of the data showed 

that d u rin g thi s period th e minimum rut depth was about 5 mm, and this 

v alue is used as a minimum in those cases where the prediction results 

in a lower value. Both the prediction equations for rut depth after 

b l a di n g and the change in rut depth over time contain horizontal radi-

us of c urv a ture t e rms. For very small radius curves, say 20 m, com-

pl e tely unrealistic predictions result. To overcome this problem a 

mini mum r ad ius of curvature of 1 0 0m is proposed, until a more ratio­

nal limiting value is obtained from future data sources. 

6.6 SUMMARY 

Models (6.1) and (6.2) are r ecommended for general use for 

Digitised by the University of Pretoria, Library Services, 2012



LATERITE SURFACING 

40 r DRY SEASON I J WET SEASON t 
I 

I I 
I I 

30 1- I I BLADING I I I 
~ 

I • I 

i 2+ • • 
I e I • 

~ lO ~ 
I 
I 

~ 
I 

I 
I J 

I 
I • I i I 
I 
I 

0 I I I I 
M J J A s 0 N D J F M A 

1978 1979 

FIGURE 6.1- MEASURED AND PREDICTED RUT DEPTH ON DOWNHILL LANE OF SECTION 256. 

DRY SEASON 

I 
M J 

• 

J 

I 

0 
m 

Digitised by the University of Pretoria, Library Services, 2012



DRY SEASON 

40 

~ 
~ 

::r: 
1-
Q 

~ 20 • 
1-
::::> 
a: 

wlV • 
• 

QUARTZITE SURFACING 

WET SEASON DRY SEASON 

I 
I 
I 
I 

PREDICTED l : . RUT(PTLJv 
I I I • • I 
I I 
I I 
,. 
I 

I I 

o~--~----~--~----~--~----~---4----~--~----~----~--~----~--~ 
J 

1978 1979 

FIGURE 6. 2- MEASURED AND PREDICTED RUT DEPTH ON UPHILL LANE OF SECTION 303. 
0 
-......,J 

Digitised by the University of Pretoria, Library Services, 2012



30 

~ 
J: 
1- 20 
ll.. 

~ 
1-
::> 
a:: 

10 

CLAY SURFACING 

TRANS 

~-S~AS~~~ 
--------------rr 1 

DRY SEASON ~ET --=-~ASO~--------------J.--- ~RY SEASON 

• • PREDICTED 
RUT DEPTH 

0 I I I I I I I I 
0 J F M A M J J J A N s 0 J 

1978 1979 

FIGURE 6.3- MEASURED AND PREDICTED RUT DEPTH ON UPHILL LANE OF SECTION 205. 

0 
co 

Digitised by the University of Pretoria, Library Services, 2012



109 

predicting the rut depth at any time. These models generate reason-

able predictions during the wet and dry seasons even outside the in-

ference space in which the models were developed. Although no substan-

tive data are available. it is proposed that a 100 m radius curve be 

used as a limit even if the radius is s'maller. to avoid unrealistic 

extrapolations. In the transition season from the dry season to wet 

season there is a sharp reduction in rut depth as drivers avoid ruts 

where water collects. In certain cases. the reduction could lead to 

predict negative values of rut depth. To overcome this problem. a 

threshold of a 5 mm rut depth. which was an average minimum value 

observed during this period, is recommended when this model is ap­

plied . 

A comparison of the predicted timewise change in ruth depth 

with data collected in the Kenya study shows excellent agreement. 

Furthermore. this good agreement is applicable to both the high and 

low annual rainfall data. 

the models developed are 

This leads to a tentative conclusion that 

applicable to all rainfall conditions. 
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7. 1 CONCLUSIONS 

The models presented in this report predict the performance 

and behavior of paved and unpaved roads. These are preliminary models 

based on limited data. Additional data should be collected to validate 

these models. 

Pavement performance pr ed i ct ion mod e l s , in terms of roughness 

and cracking. were developed in this investigation through empirical 

analysi s . Pavement rut depth measured on the study sections was very 

low. Consequently, no effort was spent on developing a rut d e pth 

prediction equation. 

Paved road roughness prediction models were developed as a 

fun ct ion of traffic, age, and one of the following independent vari­

a b l es : (a) corrected structural number; (b) Benkelman beam deflec-

tion; (c) Dynaflect deflection; (d) corrected structural number 

a nd Ben kelman beam deflection; or 

and Dy naflect de flection. 

(e) corrected structural number 

Empirical relationships for predicting asphaltic concrete 

cra c kin g wer e developed as a function of traffic, age, and one of the 

follo wing: (a) Benkelman beam deflection; (b) Dynaflect deflection; 

(c) c orr e ct e d s tructural number. In the prediction of cracking it 

w a s s h ow n t hat i f more t han 1 0 perc e n t of t h e are a of t he road is crack 

e d, t hen cracking will reflect through a slurry seal within one year. 

Fur ther ,the r ate t ha t reo c currin g c ra ck in g d e velop s following a s lurr y 

s e a l e x c e ed s the progression rate associated wi t h t he ori gin a l cra c king. 

The re for e , the utility of using a slurry seal for resealing may be 

que st ioned. 

Unpaved road deterioration relationships were developed for 

the rou g hness and rut depth after blading and the change in roughness 

and r ut d e pt h as a function of t im e . In addition, a prediction for 

the rat e uf gravel lo s s was developed. The major factors influencing 

these relationship s are traffic distribution, road geometric charac­

teri s tic s , a nd surface material proper t ies. Although a concerted ef­

for t was ma de to consider the widest possible range of road and oper-
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1 it is ating conditions in the development of the deterioration mode s, 

conceivable that more e x treme conditions can be found. For example, 

heavier trucks, steeper grades or sharper curves than studied. Appli­

cation of these e x treme conditions would mean extrapolating beyond 

the range in which the models were developed. Since no other informa-

tion is currently available for these e x treme conditions. judgement and 

care should be e xercised when using the predicted results. Additional 

adjustment s and refinements may be needed as e x perience permits. 

7. 2 RECOMMENDATIONS 

A considerable amount of time and money has been spent on 

characterizing and measuring the test sections included in this inves-

tigation. However, some paved sections have not yet shown any sign 

of cracking, and most o f them still ex hibi t rela t ivel y low levels of 

roughness. It is therefore recommended that data collection be 

continued in the field until more sections e x hibit higher levels of 

pavement deterioration. Further data collection can be accomplished 

at a relatively low marginal cost and will enhance the data base so that 

future analysis can yield improved prediction models. 

The Pavement and Maintenance Studies were executed primari­

ly in the central portion of Brazil where the climate is relatively 

uniform and the subgrades usually strong. It is recommended that 

satellite studies be made in regions of differing climate, and for 

cond itions where heavy traffic is associated with poor quality sub­

gra des. 

Three e x perimental sections of road were cunstructed where 

alternative maintenance and rehabilitation procedures could be stud-

ied. Also, further sections should be constructed to complete the 

e x perimental design matri x . Continued monitoring and analysis of 

these sections should provide answers about the relative efficiencies 

of s urface treatments and asphaltic concrete overlays to seal pave­

men ts and influence performance. At the time of analysis, these sec-

tions had shown very few distress manifestations, and consequently 

were not included in the analysis. Further data collection on these 

e xperimental sections will be invaluable for developing an overlay 
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design method applicable to Brazil. The data should be associated 

with observation of the test sections which were overlayed during 

this project. It is also recommended that the data base from this 

project be analyzed in conjunction with the information which is 

being obtained on the IPR (Brazilian Road Research Institute) 

overlay research project. 
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