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Damage Functions for Rutting, Fatigue Cracking, and 
Loss of Serviceability 1n Flexible Pavements 

J. BRENT RAUHUT, R.L. LYTTON, P.R. JORDAHL, AND W.J. KENIS 

Damage functions are required for development of load equivalence factors to 
be used in allocating cost responsibilities to various vehicle classes for use of 
liighways. They are also required by pavement management systems for pre­
diction of pavement damage or deterioration. The only damage function and 
set of load equivalence factors available have been those for loss of serviceabil­
ity derived from the AASHO Road Test. This work is 20 years old and re­
sulted from accelerated testing in one environment and essentially for one sub­
grade, so new damage functions over the range of distresses significant to de­
terioration of flexible pavements were needed by FHWA to respond to a Con­
gressional mandate for new cost-allocation recommendations. Damage func­
tions for rutting and fatigue cracking and a new damage function for loss of 
serviceability are provided. These damage functions resulted from multiple 
regressions on 216 separate sets of predicted distresses for each of four environ­
mental zones. The predictions were obtained with an improved version of the 
VESYS flexible pavement model calibrated through comparisons with mea­
sured values from 15 test sections throughout the United States. Damage pre­
dictions from the regression equations are also compared with the damage mea­
sured on 15 test sections representing a range of environmental, support, 
thickness design, and traffic conditions. 

The Federal-Aid Highway Act in 1978 required that 
new cost-allocation studies be conducted to update 
or replace those conducted 20 years ago on the basis 
of results from the AASHO Road Test. Load equiva­
lence factors to differentiate among types of damage 
caused by the various vehicle classes are critically 
important to the allocation of costs for highway 
construction and maintenance among these same 
vehicle classes. The development of load equiva­
lence factors in turn is dependent on the availabil­
ity of damage functions from which they may be 
derived. 

It is important at this point to define both dam­
age functions and load equivalence factors. Damage 
functions are mathematical equations that predict 
distress or reductions in performance measures [such 
as the present serviceability index (PSI) or the 
skid number] as a fraction of a referenced level of 
dis tress or reduction in performance established as 
a failure condition. The failure condition of 
interest is not necessarily structural failure but 
rather that level of distress or loss of performance 
that may be expected to generate major repair or re­
habilitation. The form of the damage function or 
equation used in this project is similar to that 
used for the AASHO Road Test, where the damage func­
tion (g) is calculated as follows: 

where 

g damage function, which ranges from 0 to 1 
with increasing damage; 

Nia number of 18-kip equivalent single axle 
loads (ESALs) applied; 

p ESALs required to produce a damage level 
defined as failure; and 

e power that represents the rate of damage 
increase. 

(!) 

W represents the number of 18-kip ESALs at some 
time of interest, and p and e differ by type of 
distress and environmental zone and are functions of 
a variety of independent variables consistent with 
the form of distress or loss of performance under 
consideration. 

Load equivalence factors are defined in the same 
way as those resulting from the AASHO Road Test, but 
a more specific definition will be given, because 
the one published after the road test was somewhat 
confusing. 

A load equivalence factor for an arbitrary axle 
load is the ratio of the number of standard axle 
loads (18-kip single axles as in the AASHO Road 
Test) to produce a predefined level of distress or 
reduction in performance to the number of the arbi­
trary axle loads necessary to produce the same level 
of distress or reduction in performance. As for the 
AASHO Road Test, these ratios are calculated at the 
predefined failure level when damage is 1.0. It can 
be seen then that the ratio represents the relative 
number of standard versus any other axle load neces­
sary to produce an equivalent damage. As found at 
the AASHO Road Test, these load equivalence factors 
are dependent on the definition of failure or level 
of damage on which they are based. 

It was not feasible from either a time or a cost 
viewpoint to organize, perform, and analyze results 
from another road test (or series of road tests in 
different environments and for different condi­
tions) , so FHWA selected an approach that used 
either empirical or mechanistic models for develop­
ment of the needed damage functions and consequent 
load equivalence factors. After review of available 
empirical models and mechanistic models, it was 
decided to use the VESYS flexible pavement model 
with certain improvements after its predictions for 
rut depths, fatigue cracking, and loss of service­
ability had been calibrated against measured data 
from 15 test sections in four environmental zones. 

Three other types of distress were considered 
significant in generating major repair and rehabili­
tation for flexible pavements but were found to be 
essentially independent of axle load magnitudes and 
are not the subject of this paper. These types of 
distress are low-temperature (or thermal) cracking, 
roughness due to differential volume change in the 
subgrade, and reduced skid resistance. 

In this paper a description is given of how the 
VESYS model was used to generate a data bank and how 
multiple regression techniques were used to develop 
damage functions from this data bank; the specific 
damage functions developed and their applications 
are given. It should be noted that such damage 
functions not only are useful for cost-allocation 
studies but also are critically important to the 
prediction of pavement deterioration for pavement 
management systems. 

METHODOLOGY FOR DEVELOPMENT OF DAMAGE FUNCTIONS 

VESYS III-A, as received from FHWA in December 1980, 
lacked several capabilities that were considered 
necessary for the development of damage functions. 
Primary among these was the explicit provision for 
considering tandem axles. Accuracy of predictions 
could also be improved by introduction of capabili­
ties to generate and modify fatigue constants by 
asphalt concrete modulus or temperature and to input 
layer moduli and permanent deformation coefficients 
separately for each axle load considered. These 
capabilities were added to produce computer program 
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VESYS III-B, and this mechanistic model was used in 
the project. The theory and capabilities of the 
VESYS flexible pavement model have been discussed in 
detail elsewhere (.!-_il • 

Calibrating VESYS III-B 

Because the simulative abilities of mechanistic 
models are still quite limited when compared with 
the staggering array of conditions offered by na­
ture, it was decided to improve the VESYS III-B pre­
dictive capabilities by predicting distress and loss 
of serviceability for 15 test sections and arriving 
at some means of calibration after comparing the 
predicted and measured results. In order to include 
environmental effects, test sections were selected 
in New York, Colorado, Texas, and Florida repre~ent­

ing wet-freeze, wet no-freeze, dry-freeze, and dry 
no-freeze environmental zones. Each state was 
visited, detailed data were collected for each test 
section, a condition survey was conducted, and core 
samples were obtained for materials characterization 
testing . Both resilient modulus and permanent de­
formation testing were conducted on asphalt concrete 
and subgrade samples. A detailed study was con­
ducted to establish axle load distributions and vol­
ume as accurately as possible. All this information 
was then organized as input to computer program 
VESYS III-B and predictions were obtained for rut­
ting, fatigue cracking, and loss of serviceability. 

These comparisons of predicted and measured dis­
tresses indicated, as expected, the need for mod i fy­
ing the predictions from the models in some rational 
fashion to improve their predictive accuracy. Al­
though it would have been ideal at this time to con­
duct an extensive study aimed at developing modify­
ing functions to operate on the predicted results, 
time was not available because of the necessity of 
supporting the FHWA reponse to Congress on cost al­
locations, and the expedient approach of simply 
developing constant multipliers that would correct 
the predicted values to better approximate the mea­
sured values was used. 

Ratios between measured and predicted values were 
developed for area cracked (transformed to the dis­
tress index) and rut depths. These ratios were then 
the discrete multipliers that would transform the 
predicted values into the correct measured values. 
Similar ratios were developed for PSI, except that 
the ratios represented relative reductions in PSI 
with traffic rather than relative values of PSI. 
Once a set of multipliers was available for each 
test section, they were compared in detail for 
trends with the environmental zones. As would be 
expected, the multipliers selected were compromises 
aimed at the best approximations of predicted values 
overall. 

Development of Damage Functions 

The data for the flexible pavement damage functions 
for rutting, cracking (distress index), and index of 
loss of serviceability were generated by using the 
computer model VESYS III-B. The input data repre­
sented a full factorial of the following number of 
variables: 

1. Four environmental regions, 
2. Three subgrade moduli, 
3. Three thicknesses of surface course, 
4. Three structural numbers, and 
5 . Eight load levels, of which four were single­

axle loads and four were tandem-axle loads. 

In each environmental region, 216 computer runs 
were made in which distress i ndex , ru t ting, and 
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loss-of-serviceability index were computed for 10 
levels of load application during the life of the 
pavement. With this array of data it was possible 
to determine p- and a-values for each of the 27 
pavement sections and for each of the eight load 
levels. The computer runs represented, in effect, 
separate miniature versions of the AASHO Road Test 
in each of the four climatic regions with the impor­
tant distinction that three different subgrades were 
used instead of one as at the Road Test. 

Further regression analysis was conducted to 
determine the manner in which the values of p and 
B depend on the variables that were used in the 
analysis. Many forms of equations could be assumed 
and tested to obtain the best relationships, but the 
seven shown as follows were selected as the best 
candidates for the detailed regression analyses and 
were tested and evaluated separately: 

y = c + a(L1 + L2)b1 +b2T+b3T2 (L2)'1+c2 T+c3T2 (E,)d (SN)" (T)r (3) 

y = c + a(L i + L 2)b1+b2SN+b3SN
2 

(L2)ct+c2SN+c3SN
2 

(E,)d (SN)" (T)1 (4) 

y = c + a(L1 + L2)h1+b2T+h3T2+e2SN+e3SN2 

x (L
2

)CJ +c2T+c3T
2

+g2SN +g3SN
2 (E,)d (SN)' (T/ (5) 

y = c + a(L, + L1)b1 +bif+b3T2 +e2E,+e3Et 

x (L2 )ci +c2T+c3T
2

+s2E,+g3Et (E,)d (SN)' (T)f (6) 

y = c + a(L1 + L1)b1+b2T+b3T
2

+e2E,;+c3Et+e4(T,£,) 

x (L
2
)< 1 +c2T+c3T

2
+g2E5+g3 l',+g3 Ef+g4(T • E5) (E,)d (SN)' (T)' (7) 

y = c + a(L1 + L1)bo+(b1 T 1+b2Tf+b3T2)E, 

x (L2 )co+{CJT1+c2Tf+c3T2)E, (E,)d (SN)' (T,/ (8) 

where 

T 

y p or B; 
L1 load on one single-axle or 

one tandem-axle set (kips); 
L2 axle code (1 for single 

axle and 2 for tandem axle); 
SN structural number; 

thickness of asphalt con­
crete layer (in.); 
thickness of granular base 
layer (in.); 
subgrade modulus of elas­
ticity (psi) (selected for 
stress state around 18 to 20 
in. below top of subgrade to 
be representative of entire 
subgrade) ; and 

a, a1 1 and so on = coefficients from the regres­
sions, whose values depend on 
type of distress, environmen­
tal zone, and whether y is p 

or a. 

It should be remembered that the load equivalence 
factors are determined at damage levels of 1. 0 and 
are the ratios PlS/O j ; thus, only the inde­
pendent variables appea ring in the exponents for 
(L1 + L2) or L2 a ffe ct the load equivalence 
factors because all other terms cancel out in divi­
sion. Equation 2, for instance, might offer reason­
able predictions, but its load equivalence factors 
would be dependent only on axle loads. 

Equation 6 was selected as offering the be st fit 
and most useful mix of significant independent vari­
ables for distress predictions and load equivalence 
factors. The values of the coefficients for this 
equation and the coefficients of determination R2 

appear in Table 1. 
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Table 1. Regression coefficients for Equation 6. 

a d e f 

lift Frttlf zone 

DI p .ill! l.84£+4 -tl.44 -.555 ;132 1.511E-5 -1.b6E-ll -tl.78 .686 - .138 -2.81E-5 2.24£-18 1.19 -tl.llS 5.59 .'1'13 
RD 8 .ill! 1.m-1 8.10 -.1119 .llll l.JllE-7 -4.24£-12 -tl.118 .113 •• -9.55E-7 1.6JE-Jl -t.111 I.JS -t.22 .m 
RD p.illl 1.BBE-5-4.19-.732 .131 6.7!£-6-4.J'IE-JI 1.'r.i .577-.137 l.11E-4-2.l5E-t9 3.33-1.7614.87 ,953 
PSI 8 .19 6.3'1E+2 -ti.JI -.162 .114 6.54£-5 -J.32E-f'1-J.49 .m -.142 5.65[-6 -2.21E-JI -t.68 -2.81 e.55 .614 
PSI p .Ill 6.7!£-B -3.88 -.m .1116 -4.22£-5 4.27E-11 2.56 -.1!61 .en l.47E-4 -2.b-\E-f'I J.54 3.56 8.37 .864 

Dry Frttze ione 

DI p .Ill J.BJE+4 -tl.26 -.581 .133 1.22E-5 -7.JJE-ll -tl.86 .m -.IJB -l.BIE-5 l.41E-18 8.21 -ti.DI! 5.49 .991 
RD 8 .1111! J.12E-J B.12 -.817 .• l -l.6'iE-6 2.76E-Jl -tl.08 .119 •• -9.42E-7 J.92E-11 1.82 1.23 -tl.24 .913 
RD p •• B.32E-1 -4. 75 -.683 ,IJL b.87[-6 -1. 711-18 2.'1'1 .sm -.142 l.JlE-4 -2.86E-t9 2.88 -4.23 17.39 .m 
PSIS .08 l.55E+2 1.24 -.219 .818 UlE-5 -B.51£-11 -1.58 .582 -.145 l.27E-5 -B.16E-ll -tl.62 -2.17 il.61 .451 
PSlp .Ile B.3!£-9 -3.91 -.181 -.B15 -UJE-5 1.52E-19 3.'l'i -.67J .178 1.16E-4 -1.76E-t9 3.73 3.94 8.25 .788 

lift No-Freeze ione 

DI p .Ill 1.11E+4 -t.33 -.611 .m l.1>6f:-5 -1.BllE-11 -1.97 .794 -.144 -1.93E-5 l.b7E-18 1.17 -tl.13 6.89 .'1'14 
RD 8 .110 l.51E-1 -tl.01 .Bill -.• 2. m-7 ·-2.a-12 1.82 -.11!3 .1111 -1.I-7 l.SIE-12 -tl.1!2 -t.08 U7 .964 
RD p .110 1.76£+1 -5.11 -.71!5 .141 7.1118£-5 -J.31E-tl'I 1.87 .744 -."57 9.BIE-5 -2.21E-t9 3.34 1.42 4.84 .'189 
PSI S .17 6.57E+l U7 -.216 .116 5.B7E-5 -1.12E-tl'I -1.48 .487 -.132 1.15E-5 -5.21£-11 -ti.bl -2.88 1.62 • 79'1 
PSI P .11 t.•-5 -5.53 -.172 .111 -3.4JE-5 5.46£-11 3.17 -.122 -.1111 t.84£-4 -J.J7£-i!l9 4.ta 5.04 1.10 .m 

Dry No-Fruzt zone 

DI P .Ill 1.14£+4 -t.15 -.638 .136 1.4!£-5 -1.J'IE-11 -1.19 .785 -.143 -J.911-5 J.61£-11 1.19 -t.11 5.'111 .992 
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It is important to note that this form of equa­
tion shows that load equivalence factors as defined 
previously depend on the stiffness of the subgrade. 
It is not surprising that pavement structure (repre­
sented by SN or asphalt thickness) is significant 
because it was found to be significant for the AASHO 
Road Test load equivalence factors. However, the 
dependence of load equivalence factors on the stiff­
ness of the subgrade is new. This dependence was 
not found at the AASHO Road Test because the entire 
set of test sections was placed on essentially the 
same subgrade soil. Equation 2 is the form of equa­
tion that is most similar to the AASHO Road Test 
equation and it produces uniformly the lowest values 
of R2 that were found for any of the equations 
tested. 

are given elsewhere (5)i see Table 1 for Brent Rau­
hut Engineering, Inc:- (BRE) equations). Also, the 
initial value of PSI assumed for the AASHO Road Test 
equation and for the BRE VESYS regression models was 
4 .2, but the terminal serviceability for the AASHO 
Road Test equation was 1.5, whereas 2.5 was used in 
the VESYS regression on the ba.iis of observations 
that federal-aid highways rarely are allowed to 
reach a lower serviceability level. 

EVALUATION OF DAMAGE FUNCTIONS 

The most obvious approach to evaluating a damage 
function is to convert its calculated results to 
distress or loss of serviceability and to compare 
the calculated distress or loss of serviceability 
with actual measured values. In the case of PSI 
loss, a second comparison may also be made with pre­
dicted serviceability loss calculated by the AASHO 
equation. Such comparisons have been made with the 
measured data from the 15 test sections described 
earlier. 

Reduction in PSI 

As stated earlier, the damage equation in this proj­
ect is similar to that used for the AASHO Road Test. 
The differences between the equations are primarily 
in the equations for p and B [AASHO equations 

The damage functions discussed previously may be 
used to convert to predicted loss of PSI by the fol­
lowing relationships: 

AASHO: 

6PSI = 2.7 · JO Gt 

whe r e 

B(logN18 - logp 18 J =log 
(N18/P18)8 i e' 
total 18-kip ESALs to the time at 
which 6PSI is calculated, and 
calculated p and B for 
Ll = 18, L2 = 1. 

VESYS III-B regression: 

6PSJ = J.7g 

where 

(9) 

(JO) 

( I I) 

and the difference in the coefficients (1. 7 versus 
2.7) arises because the AASHO Road Test defined dam-
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age equal to l at PSI = 1.5, whereas the VESYS III-B 
regression results are based on a terminal PSI (dam­
age equal to 1) of 2.5. 

Measured distress and serviceability data from 
the 15 primary test sections used in the calibration 
runs for the VESYS III-B computer program were also 
used for comparison of these two predictive models. 
The soil support values for the AASHO Road Test 
equations were obtained by using values of Califor­
nia bearing ratio (CBR) or Texas triaxial class 
available from the data-collection effort for sub­
g rade soils. The values of subgrade stiffness (Es) 
used for the VESYS regression models were those 
developed for the calibration runs. Other values of 
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the independent variables were available from the 
data-collection effort or calculated in the usual 
manner. The relationships between soil support and 
CBR or Texas triaxial class were thor.e presented in 
Report 128 of the National Cooperative Highway Re­
search Program (NCHRP) (~) • 

In both sets of calculations 18-kip ESALs were 
used to convert mixed traffic to standard axle 
loads, but those for the AASHO Road Test equation 
were der i ved from the AASHO Road Test tables (_~), 
and those for the VESYS regression model were 
derived from load equivalence factors calculated as 
the ratio Pl81P· 

Figures l through 4 show plots of measured values 

Figure 1. Measured and predicted PSls from PSI loss predictions by using AASHO and BRE equations, Texas test sections, dry no-freeze zone. 
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Figure 2. Measured and predicted PSls from PSI loss predictions by using AASHO and BRE equations, Colorado test sections, dry no-freeze zone. 
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Figure 3. Measured and predicted PSl5 from PSI loss prediction. by using AASHO and BRE equations, Florida test sections, wet no-freeze zone. 
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Figure 4. Measured and predicted PSls from PSI loss predictions by using AASHO and BRE equations, New York test sections, wet-freeze zone. 
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of serviceability for the 15 test sections, PSIS 
predicted by using the AASHO Road Test equations, 
and PSIS predicted by the BRE regression models. For 
reasons discussed by Rauhut et al. (7), the regres­
sion equation (like that in VESYS III-B) predicts 
unrealistically rapid loss of serviceability in the 
first two years or so after construction or rehabil­
itation but continues to predict serviceability loss 
at a reduced rate such that the resulting PSI be­
comes more accurate as time (and number of cumula­
tive axle loads) increases. Therefore, it should be 
remembered when these figures are studied that the 
unrealistically rapid loss of serviceability early 
in the life of the pavement is primarily the result 

+ + 
• •• 

66 68 

+ 

• x 

NY-3 2 (15-9) 

+ 

x 

of the choice of model and that only comparisons 
during, say, the last half of the analysis period 
are valid. 

Comparisons of the predicted reductions in ser­
viceability for the AASHO and BRE equations with the 
measured reductions are discussed in detail by test 
section by Rauhut et al. (7). As a general observa­
tion, the BRE regression equations appear to predict 
more serviceability loss than the AASHO equation, 
but not always. It appears that of the 15 compari­
sons for the individual test sections the AASHO 
equation predicted best on five, the BRE equations 
on seven, and three were essentially the same. The 
apparent conclusion to be drawn from these compari-
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sons is that the BRE VESYS regression models (one 
for each of four environmental zones) predict loss 
of serviceability at least as well as the AASHO 
model with environmental zones represented by re­
gional factors. 

An attempt to further improve the BRE equations 
was made through applying multiplying functions to 
more closely predict the measured values for the 
test sections. Although this was successful for 
Texas test sections with a multiplying function 
developed from Texas data and Florida test sections 
with Florida data, the multiplying functions were 
not stable across a reasonable range of variables, 
so further improvements must await a broader data 
bank. The procedure used for development of multi­
plying functions is described in detail for rutting 
in the next section. 

.Rut Depth 

The BRE damage functions for rut depth appear in 
Table l and include the four sets of regression co­
efficients for each of the four environmental zones. 
The damage function for rut depth can be converted 
to predict rut depth by simply multiplying the cal­
culated damage by one-half. This conversion reflects 
the selection of 0.5 in. of rut depth as the failure 
level (damage equal to 1.0). 

Figures 5 and 6 show plots of measured values of 
rut depth for four test sections in Texas and four 
in New York but also include as dashed lines the 
predicted rut depths obtained by using the regres­
sion equations from the VESYS factorial. As for PSI, 
these regression equations overpredict rut depth in 
the first two or three years, but the rates of rut­
ting are reduced greatly and accuracy improves 
thereafter. Less rutting was generally predicted 
than that measured [reasons for this are discussed 
in detail by Rauhut et al. (7)]. 

Although time was not a-;;.ailable earlier in the 
project to develop multiplying functions and con­
stant multipliers were used instead, it was decided 
subsequently to develop and apply multiplying func-
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tions to the regression equations in order to modify 
their form and increase their accuracy. 

The approach to developing the multiplying func­
tions was to divide the measured rut depth by the 
calculated rut depth as was done for the constant 
multipliers previously described. However, this was 
done at several different times (and consequently 
number of axle loads) in this development. The 
desired multiplying function (RF) was then regressed 
with various forms of equations, sets of data (sepa­
rate environmental zones and combinations of en­
vironmental zones), and combinations of independent 
variables. The final r_egression equations for cal­
culating RF were as follows: 

Freeze zone: 

(J 2) 

No-freeze zone: 

(13) 

The improved predicted equations for rut depth 
are then the rut-depth damage function (Table 1) 
multiplied by l/2RF for each of the freeze and no­
freeze zones. The resulting predictions from this 
improved equation also appear in Figures 5 and 6 as 
solid lines. As can be seen, these improved BRE 
equations for predicting rut depth are much more ac­
curate and simulate the rate of increase in rut 
depth with time much better. The predictions for 
the Colorado and Florida test sections also compare 
quite well with the measured data. 

Fatigue CracJdng 

Like those for rut depth, the BRE damage functions 
for class 2 and 3 fatigue cracking (alligator crack­
ing) with associated regression coefficients for 
each environmental zone appear in Table 1. The con-

Figure 5. Measured rut depths, those calculated with regression equations, and those calculated with improved BRE equations, Texas test sections, dry no-freeze 
zone. 
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Figure 6. Measured rut depths, those calculated with regression equations, and those calculated with improved BRE equations, New York test sections, wet-freeze 

zone. 
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version to percentage of area cracked is made by 
using the following relationship: 

Ac= 0.19 exp (3.96DI) (14) 

where Ac is percentage of area cracked and DI is 
the damage index (or damage function) with the fail­
ure level (DI = 1) assumed as 10 percent of class 2 
and 3 alligator cracking. 

Equation 14 was developed during this project by 
using fatigue relationship data developed by Finn et 
al. (~). The development of this relationship is de­
scribed by Rauhut et al. (2_) and by Rauhut and Ken­
nedy (10). 

Figures 7 and 8 show plots of measured percentage 
of class 2 and 3 cracking for the four sections in 
Texas and the four in Florida (virtually no cracking 
had occurred in the test sections for Colorado and 
New York). Predicted fatigue· cracking by using the 
BRE damage function equations and Equation 14 for 
conversion appears for comparison as solid lines in 
Figures 7 and 8. The predictions from the BRE re­
gression equations reflected the characteristics of 
the VESYS model as modified by the constant multi­
plier of 0.5 on the di s tress index reasonably we ll. 
Similar to the VESYS predictions, minor alligator 
cracking occurred where minor cracking had been pre­
dicted, but some major failures had been predicted 
where none actually occurred. 

It is extremely difficult to predict tensile 
cracking of any kind in asphalt concrete because of 
the myriad of mix and construction variables that 
affect the formation of cracks. In view of this and 
the general nature of the regression equations (they 
represent typical rather than specific mixes and 
include only the most significant independent vari­
ables), the BRE equations for fatigue cracking ap­
pear adequate for the development of load equiva­
lence factors. They are also believed to be adequate 
for gross predictions of fatigue cracking damage 
where use of other more accurate models such as 
VESYS and the associated sophisticated material 
characterizations are not practical. 

CONCLUSIONS 

The damage functions developed for rutting and loss 
of serviceability predicted damage in a specific 
form rather than in the variety of forms in which 
this damage actually occurs in nature. A procedure 
was developed to produce modifying functions to 
transform the predicted rut depths into a form more 
consistent with that found from measured data for 15 
test sections. It is believed that the rut-damage 
equation thus modified will provide reasonable pre­
dictions for typical pavement structures and pave­
ment materials. An attempt to similarly modify the 
damage equation for PSI was not successful because 
the multiplying functions developed were unstable at 
extremes of structural number. Nevertheless, it is 
believed that this may be accomplished when the at­
tempt is based on sufficient data. 

The prediction of fatigue cracking damage (or in­
deed any tensile cracking damage) is problematical 
because of the many highly variable parameters that 
control crack initiation and propagation. Even in 
nature the variability in cracking damage is great 
for apparently identical pavement structures and 
conditions. It is believed that the damage function 
adopted for class 2 and 3 fatigue cracking is quite 
good for the typical pavement materials and condi­
tions it represents. Nevertheless, it should be 
remembered that the equation for transforming dis­
tress index or damage into area cracked is appli­
cable only to the t ypical fatigue relationship used 
in this study. 

A number of problems and limitations were en­
countered for both the AASHO Road Test and this com­
puter-based road test. Each had advantages and 
disadvantages. The one characteristic shared by both 
is the difficulty in transforming the data through 
multiple regressions into truly representative rela­
tionships. It is our belief that the results of this 
work, like those from the AASHO Road Test, will not 
prove to be final answers. However, our capabilities 
for predicting damage have been greatly broadened. 
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Figure 7. Measured and predicted fatigue cracking (classes 2 and 3) for Texas sections, dry no-freeze zone. 
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Estimation of Network Rehabilitation and 

Maintenance Costs over an Extended Planning Horizon 

ALBERTO GARCIA-DIAZ, R.L. LYTTON, AND JACK T. ALLISON 

RENU is a computerized procedure to estimate funding levels required for re­
habilitation, preventive maintenance, and routine maintenance of a highway 
network. The overall highway network consists of one or more pavement sys­
tems and each system may include several types of pavements. RENU can also 
be used to estimate the cost impact of changes in the legal axle load limits. The 
model uses a serviceability and distress approach to determine the timing for 
rehabilitation. Performance, distress, and survivor curves are generated based 
on pavement data collected from the Texas pavement system. R ENU has the 
capability of generating survivor curves for different desired performance levels;· 
it also contains the options of multiple overlays and the addition of new mile­
age during the planning horizon. A particularly interesting feature of the pro­
gram is the estimation of rehabilitation costs associated with the upgrading of 
all pavements already in critical condition at the beginning of the analysis pe­
riod. In addition to these costs, RENU also estimates the costs of keeping the 
network at a desired performance level during a specified planning horizon. 

The basic objective of the RENU model is to estimate 
the cost impact of vehicle loadings on a given pave­
ment network i this impact is measured in terms of 
rehabilitation and maintenance costs for all subsys­
tems of the pavement network during a specified 
planning horizon. One of the most important contri­
butions of the model is the development of a com­
bined serviceability and distress approach to inves­
tigate the effect of a change of legal axle load 
limits on the life-cycle costs of highways. 

Past work on procedures for estimating road reha­
bilitation requirements due to changes in axle load 
limits has resulted in the development of computer­
ized methods such as REHAB (,!,1_) and NULOAD C~dl. 

The overall development of the RENU procedure was 
undertaken in three phases. The objective of the 
first phase of the study was to perform a comparison 
between REHAB and NULOAD and propose an improved 
methodology that would take into consideration cer­
tain requirements concerning pavement classifica­
tion, data availability, and district organization 
of the overall highway system. The results of the 
first phase of the study were summarized in a series 
of reports <2-1>· 

The second phase was the development of a comput­
erized procedure to evaluate the effects on costs 
and pavement condition of changing legal axle load 
limits that would overcome the limitations in the 

REHAB and NULOAD programs. The results of the sec­
ond phase are summarized elsewhere (_!!,2_). 

In the third phase the scope of RENU was expanded 
to include a budgeting mechanism that would consider 
the cost of upgrading the pavement network to a 
specified performance level in addition to the main­
tenance (routine and preventive) and rehabilitation 
costs needed to keep the network at that performance 
level (10). 

OVERVIEW OF RENU PROCEDURE 

Briefly, the overall methodology can be summarized 
in four steps: 

1. Incorporation of a load-distribution proce­
dure to investigate the shift in a traffic stream 
toward higher loads if a new legal axle load limit 
is established, 

2. Generation of pavement performance functions 
based on statistical analyses of observed data to 
predict riding conditions and pavement distress, 

3. Generation of survivor curves to forecast the 
extent of pavement rehabilitation requirements in 
each of the periods of a planning horizon, and 

4. Determination of rehabilitation co"sts consid­
ering the life cycles of representative sections of 
pavement under both the current and new legal axle 
load limits. 

In order to decide what factor is causing the 
need for rehabilitation, a terminal serviceability 
index is compared against a specified minimum pres­
ent serviceability index (PSI) value that normally 
is not reached before pavement distress becomes se­
rious. If the terminal value is below the specified 
value, it is assumed that the worsening riding con­
dition of the pavement is not the reason for reha­
bilitation. In this case each of several distress 
types is checked to see which one may be the cause. 
As a result of this analysis, pavement rehabilita­
tion may be necessary because a critical value of 
either area or severity has been reached for one or 
more of the following types of distress: rutting, 
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raveling, flushing, corrugations, alligator crack­
ing, longitudinal cracking, transverse cracking, 
patching, and failures per mile. On the other hand, 
if the terminal PSI value is not below the specified 
value, it is assumed that rehabilitation is needed 
because of the deterioration of the pavement riding 
conditions. 

PAVEMENT PERFORMANCE EQUATIONS 

The input information required for the development 
of the flexible pavement performance equations used 
in the RENU model can be classified as follows: 

1. Traffic factors: aver<\ge daily traffic, 18-
ki p equivalent single axle loads (ESALs), average 
annual growth of traffic; 

2. Climatic factors : temperature, annual aver­
age freeze-thaw cycles, annual average rainfall, 
wet-freeze index, Thornthwaite index; 

3. Material propertie s: asphalt content, maxi­
mum deflection, liquid limit, plasticity index, per­
cent passing No. 200 sieve , Texas triaxial class, 
volume of Dynaflect basin; and 

4. Design and miscellaneous factors: initial 
PSI, final PSI, design period, condition surveys, 
structural number, layer thic knesses . 

After field data concerning flexible pavement 
performance had been examined, the following func­
tion was postulated to represent the relative loss 
in serviceability index for Texas highways (2) : 

g(W) =exp [-(K/W)"] (I) 

where K and n are parameters and W is the traffic 
load in 18-kip ESALs. The damage function [g (W)] 
can also be expressed as the ratio of the loss in 
serviceability after W 18-kip ESALs to a specified 
maximum design loss. Let Pi be the initial PSI 
(at w = 0) ·, pt be the PSI after wt lB-kip ESALS, 
and Pf be a lower bound on the PSI. Then the rel­
ative loss after Wt ESALs can be expressed as 
follows: 

(2) 

From Equation 2, it is possible to express Pt as a 
function of gt: Pt Pi ~ (Pi - Pflgt. This equa­
tion can be further rewritten after using Equation 
1 . The final result is as follows: 

P1 = P; - (P; - Pr) exp [-(K/W)"] 

The representation of Pt 
shown in Figure 1. 

Typical equations for 
developed elsewhere (11). 

a s a 

K, Pfr 
As an 

(3) 

function of W is 

and n have been 
illustration, the 

Figure 1. Pavement performance relationship. 
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equations for asphalt i c concrete pavements with Pi = 
4.70 are 

K = 3.51 + 0 .0092SN - 0.0042(TI + 50) + 0.01 4BASE 

- 0.023FTC + 0.0026Pl - 0.18(TM - 50) (4) 

p = 2.06 (5) 

n = 2.06 (6) 

where 

SN structural number, 
FTC annual freeze-thaw cycles , 

TI = Thornthwaite index, 
TM = mean annual temperature, 
PI subgrade plasticity index, and 

BASE thickness of the flexible base. 

When Pf is higher than Pt, the analysis of 
p avement d i s tress c a n be accomplished hy examin i ng 
the degree to which a type of distress is extended 
(expressed as the percentage of the pavement surface 
area in need of repair) and the seriousness of the 
distress (expressed as crack width, crack depth, 
relative displacement at a joint, and so on). Usu­
ally the severity of a given type of distress can be 
subject i vely estimated by compar i ng the observed 
d istress with photographs of different levels of 
severity, such as slight, moderate, or severe, and 
then choosing numbers between zero and 1 (or 0 and 
100 percent) to quantify the seriousness of surface 
failures. 

The distress equations developed for Texas flex­
ible pavements are of the s ame form as the PSI equa­
tions: 

a= exp [-(a0 /W)"] 

s =exp [-(a 1 /W)"] 

where 

(7) 

(8) 

a = percentage of pavement surface covered by 
distress, 

s = severity of distress expressed in numeri­
cal form, 

a 0 , a1 deterioration rates, 
n a shape parameter, and 
W : traffic level expressed in lB-kip ESALs. 

Typical equations for a 0, a 1 , and n have been 
developed (11) • Sample equations for transverse 
cracking severity in asphalt-concrete pavements are 

a= 1.40 - 0.094(TM - 50) - 0.0088FTC + 0.J 7H + O.OIOPI 

11 = 3.28 

Similar equations for alligator cracking are 

a=-0.87+0.88SN+O.Oll(TM - 50)~ 0.376H 

n = 2.27 - 0.072PI - 0.015(Tl + 50) + 0.92H 

where H is the thickness of the surface. 

SURVIVOR CURVES FOR FLEXIBLE PAVEMENTS 

(9) 

(l 0) 

(11) 

(12) 

Survivor curves are empirical probability functions 
used to predict the percentage of pavement mileage 
of a specific age that will not need rehabilitation 
in the near future. This in turn can be used to es­
timate the percentage of mileage that will need re­
habilitation in the near future. This information, 
complemented with data on existing mileage and reha-
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bilitation cost, can be used to estimate the funds 
needed in each period of a specified planning 
horizon. 

The survivor functions developed for RENU can 
generally be written as follows: 

V = I - exp (-q/W') (13) 

where 

V percentage of surviving mileage, 
q parameter affecting the location of the sur­

vivor curve, 
r = parameter affecting the shape of the curve, 

and 
w traffic level since construction or last re­

habilitation. 

For each pavement system of a large-scale net­
work, survivor curves have been developed for typi­
cal pavements that are rehabilitated or recon­
structed at several different performance levels; 
these performance levels are defined as follows: 

PSI for Performance 
Highway Level 
System High Medium ~ 
Interstate 3.2 3.2-2.3 2.3 
U.S. and state 3.0 3.0-2.1 2.1 
Farm to market 2.9 2.9-2.0 2.0 

Table 1 gives typical values of the parameters q and 
r for 10 types of flexible pavement. A graphical 
representation of the three survivor curves used by 
RENU in the distress option is shown in Figure 2. 
As can be seen, the percentage of pavement surviving 
after a given traffic volume is less when the per­
formance standard is higher. 

Table 1. Constants for survivor curves for flexible pavements 
(distress option). 

Type of Pavement 

11 

SPECIAL FEATURES 

The RENU program computes the initial cost required 
to upgrade the system to one of the three levels of 
performance and the cost of keeping the pavement at 
the specified level with the corresponding survivor 
curves. The following particularly interesting fea­
tures can be used for identifying meaningful scena­
rios for the RENU procedure. 

New Options for Pavement Below Critical Performance 
Levels 

According to this feature, the user of RENU can in­
put a strategy for upgrading in a prescribed number 
of years all pavements in critical condition at the 
beginning of the analysis period. The corresponding 
mileage is reduced uniformly over the specified pe­
riod by placing overlays of thicknesses that may be 
different from those used in ordinary cases. Cr it­
ical pavements are referred to as pavements older 
than terminal serviceability (POTTS) in the RENU 
program. 

Multiple Overlays 

The first overlay of a pavement is placed at the 
time specified by the survivor curve. Additional 
overlays are placed at time intervals prescribed by 
the user. 

Routine Maintenance 

The POTTS mileage is considered part of the mileage 
that should receive routine maintenance. The corre-
sponding rehabilitation 
the EAROMAR procedure 
provided by the user. 

costs are estimated by using 
(12) and cost information 

Three maintenance activities 

Constant by Performance Level 

High Medium Low 

q r q q 

Rural, high-traffic HMAC 2.5 0.44xl0 16 2.5 0.69xl0 16 2.5 0.10xl0 17 

Figure 2. Survivor curves for three different performance levels. 

Rural, low-traffic HMAC 2.5 0.10xl0 14 

Urban, high-traffic HMAC 3.2 0.24xl0 22 

Urban, low-traffic HMAC 3.0 0.l lxl0 18 

Rural, high-traffic overlay 2.5 0.2lxl0 16 

Rural, low-traffic overlay 3.0 0 .27xl 0 16 

Urban, high-traffic overlay 3.1 O.l 9xl0 21 

Urban, low-traffic overlay 2.9 0.12xl0 17 

Urban, surface treated 2.3 0.12xl0 11 

Rural, surface treated 2.3 0.92xl09 

Note: HMAC =hot-mix asphalt concrete. 

Percent 
SurvivinQ, 

v 

1.0 

0.0 

Traffic 

2.5 0.l 6xl0 14 2.5 0.23xl0 14 

3.2 0.43xl 0 22 3.2 0.69xl0 22 

3.0 0.19xl0 18 3 .0 0.29xl0 18 

2.5 0.43xl0 16 2.5 0.76xl0 16 

3.0 0.62xl0 16 3.0 0.12xl0 17 

3.1 0.46xl 0 21 3.1 0.9lxl021 

2.9 0.26x!0 17 2.9 0.50xl0 17 

2.3 0.25xl0 11 2.3 0.45xl0 11 

2.3 0.19xl0 10 2.3 0.33xl0 1o 
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are included in the analysis: patching, crack seal­
ing, and base and surface repairs. 

Preventive Maintenance 

For each of the three levels of performance for 
which survivor curves were developed, preventive 
maintenance is provided in terms of seal coats. The 
user of the program specifies the time between seal 
coats and the cost per lane mile. This option is 
also available for pavements in POTTS. 

New Mileage 

New mileage can be added to the highway network as a 
result of reconstruction or new construction. This 
new . mileage is considered by maintenance and reha­
bilitation in the same manner as existing pavements. 

USE OF THE MODEL 

The application of RENU reported in this paper can 
be summarized as follows. The Texas highway network 
was classified by system (Interstate, U.S., state, 
and farm to market), by pavement type (surface 
treated, asphaltic concrete, overlaid asphaltic con­
crete, and concrete), and by traffic level (low and 
high) for the five regional areas of the state. Age 
versus lane-mile distributions were identified for 
each of the previous classifications by using the 
state's road inventory file. 

Overlay thicknesses were calculated for three 
possible desired standards of performance. These 
were based on typical deflection data and traffic 
levels. A sample of the values used in the proce­
dure is given below: 

Highway 

~ 
U.S. Interstate 
U.S. or state 
State or farm to market 

Overlay Thickness (in.) 
by Performance Level 
High Medium Low 
1.75 3.50 4.50 
1.25 
0.40 

2.40 
1.40 

3.30 
1.90 

Cost information on pavement rehabilitation and 
maintenance was obtained from the districts through­
out the state. Average costs used in the applica­
tion being discussed are summarized as follows: 
pothole repair, $125/yd': crack sealing, $0.25/ 
linear ft: base and surface repair, $12.50/yd 2 ; 

seal coating, $3, 200. 00/lane-mile: and asphalt-con­
crete overlay, $69.00/yd'. 

By using the RENU model, the Texas State Depart­
ment of Highways and Public Transportation was able 
to compare the monetary requirements for different 
desired levels of performance and different strate­
gies for upgrading pavements for which rehabilita­
tion was overdue. Figure 3 shows a comparison of 

Figure 3. Total annual maintenance and rehabilitation costs. 
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some of the possible strategies. Curve A shows the 
total annual rehabilitation, preventive maintenance, 
and routine maintenance costs, assuming that all 
critical pavements will be upgraded in 5 years. 
Curve B, the dashed line, shows the same total costs 
if the same pavements are upgraded in 10 years. 

It may be noted in Figure 3 that there exists a 
considerable backlog of pavements due for rehabili­
tation and that once they are brought up to a speci­
fied performance standard, the total costs of main­
tenance and rehabilitation level off. From a 
budgetary point of view, funds need to be increased 
during the first portion of the analysis period to 
provide a desired pavement system quality: from then 
on, a reasonably constant budget will be required to 
maintain that level. 

REFERENCES 

1. Guide to the Highway Rehabilitation Forecasting 
Model. McKinsey and Co., Inc., New York, N.Y., 
1976. 

2. Interoffice Memorandum with Updated Documenta­
tion for REHAB. State Department of Highways 
and Public Transportation, Austin, Tex., 1979. 

3. Effects of Changes in Legal Load Limits on 
Pavement Costs, Volume 1. FHWA, Rept. FHWA-RD-
79-73, July 1978. 

4. Effects of Changes in Legal Load Limits on 
Pavement Costs, Volume 2. FHWA, Rept. FHWA-RD-
79-74, July 1978. 

5. A. Garcia-Diaz, R.L. Lytton, and D. Burke. 
Evaluation of Computer Programs NULOAD and 
REHAB, Volume 1. Texas State Department of 
Highways and Public Transportation, Austin, 
Res. Rept. 298/312-1, Sept. 1980. 

6. A. Garcia-Diaz, R.L. Lytton, and D. Burke. 
Evaluation of Computer Programs NULOAD and 
REHAB, Volume 2. Texas State Department of 
Highways and Public Transportation, Austin, 
Res. Rept. 298/312-1, Sept. 1980. 

7. A. Garcia-Diaz, R.L. Lytton, and D. Burke. 
Evaluation of Computer Programs NULOAD and 
REHAB, Volume 3. Texas State Department of 
Highways and Public Transportation, Austin, 
Res. Rept. 298/312-1, Sept. 1980. 

8. A. Garcia-Diaz, R.L. Lytton, and D. Burke. 
Computerized Methods of Projecting Rehabilita­
tion and Maintenance Requirements Due to Vehi­
cle Loadings, Volume 4. Texas State Department 
of Highways and Public Transportation, Austin, 
Study 298/312-1, Aug. 1981. 

9. A. Garcia-Diaz, R.L. Lytton, and D. Burke. 
Computerized Methods of Projecting Rehabilita­
tion and Maintenance Requirements Due to Vehi­
cle Loadings, Volume SF. Texas State Depart­
ment of Highways and Public Transportation, 
Austin, Study 298/312-1, Aug. 1981. 

10. A. Garcia-Diaz. Documentation of the Modified 
Computerized Procedure RENU2 to Estimate Pave­
ment Network Rehabilitation and Maintenance 

11. 

12. 

Costs. Texas Transportation 
A&M Univ., College Station, 
March 1983. 
R.L. Lytton, c. Michalak, 

Inctitutc, 
Res. Rept. 

Texas 
992-1, 

and T. Scullion. 
Texas Flexible Pavement Design System. Proc., 
5th International Conference on the Structural 
Design of Asphalt Pavements, Univ. of Michigan, 
Ann Arbor, Vol. 1, Aug. 1982. 
B.D. Butler, Jr. Economic Analysis of Roadway 
Occupancy for Freeway Pavement Maintenance and 
Rehabilitation, Volumes 1-3. FHWA Rept. FHWA­
RD-76-14 and FHWA-RD-76-15, 1974. 

Publication of this paper sponsored by Committee on Pavement Maintenance. 



Transportation Research Record 943 13 

Prediction of Pavement Performance by 
Using Nondestructive Test Results 

DIXON E. O'BRIEN Ill, STARR D. KOHN, AND MOHAMED Y. SHAHIN 

The possibility of using nondestructive test results to predict pavement per­
formance is examined. Preliminary analysis found that nondestructive test re­
sults and pavement age parameters correlate well with the pavement condition. 
Also, depending on the pavement type, other factors such as weighted traffic 
counts correlated with the pavement eondition. The data used in the analysis 
were collected at a military installation located in Virginia. Pavement condi­
tion was rated by using the pavement condition index developed by the U.S. 
Army Corps of Engineers . Nondestructive testing was performed by using a 
falling-weight deflectometer. The preliminary results indicate that pavement 
performance can be predicted by using nondestructive testing data. 

U.S. pavements are deteriorating rapidly and have an 
unoptimistic future. Maintenance and incidental 
user costs are increasing as maintenance and reha­
bilitation funds fail to keep pavements at an 
acceptable level of serviceability. Because a dra­
matic increase in funding is an unrealistic pros­
pect, using available funds to the best advantage is 
imperative. A pavement management system (PMS) is 
precisely the tool ne.eded to aid in performing such 
a task. Optimal use, priority ranking of projects, 
and pavement system inventory are all immediate ben­
efits of any well-organized PMS. 

There are many PMSs available and the key element 
to all workable systems is a consistent method for 
rating the condition of the pavement. These pave­
ment condition ratings provide the necessary cri­
teria to establish an effective maintenance policy 
by relating condition to maintenance needs. How­
ever, these rating systems provide only a measure of 
the current condition of the pavement and not the 
future condition. To make management benefits max­
imal, it is necessary to have a reliable method for 
predicting the future condition of the pavement. 
Developing a pavement performance model requires 
that a number of variables be considered, including 
traffic and structural capacity. The impetus of 
this paper is to establish whether nondestructive 
test (NOT) results (as a measure of pavement 
strength) , in combination with other variables such 
as age and traffic, can be used as predictors of 
pavement performance. 

Nonrlestructive testing is now being used for 
structural evaluation of pavements and is a common 
component in overlay design. Nondestructive testing 
can be performed quite rapidly and the test results 
can be applied in a PMS to select the optimum repair 
alternative for a given project. To have the addi­
tional ability to use nondestructive testing results 
in pavement performance prediction models is a dis­
tinct advantage to any PMS. 

TEST PROGRAM AND DATA COLLECTION 

In a continuing effort to improve the PMS called 
PAVER, the u.s. Army Corps of Engineers Construction 
Engineering Research Laboratory has collected NDT 
results for the pavements at a military installation 
in Virginia. The installation is currently using 
the PAVER system as its PMS. The U.S. Army Corps of 
Engineers Waterways Experiment Station performed the 
nondestructive testing with a Dynatest 8000 falling­
weight deflectometer (FWD). All pavement sections 
included in the PAVER system were tested (191 
sections). 

The FWD was selected because of its modeling of 

moving loads. This has been documented by Hoffman 
and Thompson (1,2). A future phase of the project 
will be to compare the test results of the FWD and 
the model 2008 road rater to ensure that prediction 
models are not device dependent (road rater testing 
was performed concurrently with FWD tests). 

The actual FWD test scheme consisted of the fol­
lowing: 

1. Three test iocations in a section: 
2. Three impulse-load levels of approximately 5, 

9, and 15 kips per test: and 
3. Three deflection measurements per load ob­

tained with geophones located at O, 12, and 36 in. 
from the center of the load plate per test. 

For a given pavement section and load level, the 
average deflection was calculated for each of the 
geophone locations. Corrections were made for the 
temperature at the time of testing. Load versus de­
flection and deflection-basin characteristics for 
each section were calculated based on the average 
responses. 

In addition to the NOT data, other information on 
the pavement sections was obtained from the existing 
PAVER data base. This included information on pave­
ment structure, pavement layer ages, traffic counts, 
and pavement condition. The condition rating being 
used at the military installation in Virginia is the 
pavement condition index (PCI) developed by the U.S. 
Army Corps of Engineers. It is an objective rating 
method based on measuring the quantity and severity 
of each distress type present in the pavement. The 
PCI is a numerical indicator that uses a scale of 0 
to 100; the scale and associated ratings are shown 
in Figure 1. The PCI has been proven reproducible 

Figure 1. PCI rating scale. PCI RATING 
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by field testing and correlates well wih the col­
lective judgment of experienced pavement engineers. 
Additional information and documentation concerning 
the PCI are provided elsewhere <l>· 

All data were computer encoded into a data file 
for use with the Statistical Package for the Social 
Sciences (SPSS) computer software. The next section 
summarizes the analysis of data and describes the 
developed pavement performance•prediction model. 

MODEL DEVELOPMENT 

Variables used for prediction model development in­
clude the PCii pavement inspection datei pavement 
layer material typesi pavement layer thicknesses; 
pavement layer construction dates; current traffic 
volume and classificationi pavement distress types, 
quantities, and severities; and FWD test data, tem­
perature, time, load, and deflections for each pave­
ment section. These variables are grouped into six 
general categories representing specific variable 
classes: 

1 . Pavement type, 
2. PCI and pavement distress data, 
3. NDT information, 
4. Pavement construction or inspection dates, 
5. Traffic information, and 
6. Pavement layer thicknesses. 

Table 1 presents a typical variable from each cate-

Table 1. Typical variables for general data categories. 

Range 
Typical 

Typical Variable Value High Low 

Pavement type Asphalt NA NA 
concrete, 
no over-
lay 

PC! 85 100 42 
Maximum FWD deflection (mils), 36.6 97.4 12.7 

high load level 
Surface construction date June July February 

1952 1974 1935 
Current traffic volume (vehicles/day), 1,925 17 ,6 16 50 

type A 
First overlay thickness (in.) 1.5 4.3 0.5 

Note: NA= not applicable. 

Table 2. Variables for prediction model . 

Range 
Standard 

Variable Mean High Low Deviation 

PC! 84.9 100 42 10.6 
AGE 7.0 29 0 5.0 
AGESOL 22.4 40 4 8.9 
AGE TOT 29.4 44 17 7.7 
AGECOL 16.4 40 1.0 8.9 
PM TOT 6,891 47 ,642 7.5 11 ,354 
LPMTOT 3.16 4.68 0 .875 0.928 
DIFF 0.344 l.O 0 .151 0.106 
AREA 60.2 164 .6 23 .0 22.4 
LOLTHICK 1.26 2.0 0.70 0.29 
TOLTHICK 1.96 5.3 0.70 1.09 
SUR THICK 2.37 5.0 1.00 1.06 
TOTHICK 4.35 8.5 2.30 1.62 

Note: AGE = age or pavement sjnce last overlay (yr), AGESOL = age of pavement 
to last overlay (yr), AGE.1'0 't = total ag;c or pavtirnc.nl (yr). ACECQ I = :.g.: of pre· 
vious construction to la.it overl ay (yr). PMTOT a \V-illghted traffic to ltt l {v~hicles/ 
d11r). tPMTOT --= lo; of w, igh tcd 1nrn" IQtll l (vehlch:~/doy) 1 01 VF ~ nonmill"led 
UcOt-i! lltu1 ll1oht :-.lu1•ic. 1\ RE1-\ .. aiirH nf f'VD J cOC"c rlun basin nt the high lond 
lovul (In ?~ 1o·J), 1.01.TlllCK " la" ovorloy rhkkn.,. (in. ), T(ll TH l('K ~ 1n1al 
f>vo •l •y th lcknnis (I~ .), SUllTH ICK = •urfocc 11i lcknc>> (In.) , T01'1-llCK = IOtul 
pavement thickness (in.). 
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gory, the range of that variable, and a typical 
value. 

In developing the performance prediction model, 
linear stepwise regression methods were used to 
analyze the data. The first step in this analysis 
was to divide the data by pavement type and run a 
general correlation matrix with the collected vari­
ables and pavement condition. The division of the 
data by pavement type indicated that there are suf­
ficient cases (population) only to have a statisti­
cally significant prediction model for asphalt-con­
crete pavements with asphalt-concrete over lays. 
This lack of data does not signify that pavement 
performance cannot be predicted for other pavement 
types. In fact, preliminary analysis by using the 
limited data on other pavement types suggests that 
pavement performance can be predicted. 

The preliminary correlation matrix for the 
asphalt-concrete overlay sections was used to select 
variables for further analysis. variable selection 
was accomplished by minimiz i ng t he linear dependence 
or correlation between the independent variables 
(predictor variables) • Once this selection process 
was complete, initial model development was possi­
ble. The specific variables considered during the 
model development are summarized in Tahle 2, in 
which the mean, range of values, and standard devia­
tion for each of the variables are also given. Not 
all of the variables were found to correlate with 
PCI and these are not included in the prediction 
model. The model presented in Figure 2 includes 
pavement layer ages, a weighted traffic variable, 
and NDT parameters. The specific variables included 
in the model are described in subsequent paragraphs. 

Statistics for the developed performance predic­
tion model give a correlation coefficient equal to 
0.765 and a standard deviation of 6.9. The relative 
significance of each variable group was approxi­
mately 60 percent for the age variables, 30 percent 
for the NDT variables, and 10 percent for the traf­
fic variables. A plot showing the actual PCI versus 
the predicted PCI is given in Figure 3. These sta­
tistics show a significant correlation between pre­
dicted PCI and actual PCI, which indicates that NDT 
results used in conjunction with traffic and pave­
ment age variables can be used to predict pavement 
performance. 

Actual PCI values ranged from 42 to 100. How­
ever, the mean PCI value is 05 and as can be seen 
from the plot in Figure 3, most of the actual PCI 
values are above 60. Aside from indicating that a 
good functional pavement network exists at the in­
stallation, this data range does not allow low PCis 
to be accurately predicted; therefore, a limitation 
of the current prediction model is that PCI values 

Figure 2. Performance prediction model. 

PERFORMANCE PREDICTION MODEL FOR 

AC PAVEMENTS WITH AC OVERLAYS 

PCIP • 96.6 - [!.00156 * AGE
1
\ AGETOT * LPMTOT * DIFF tt AREAi 

114 2 2 
+( .03062 *AGE * AGESOL * OIFF ) 

+( .0005728 * AGE
2* LPMTOT * DIFF *AREA)) 

WHERE 

PCIP • PREDICTED PAVEMENT CONDITION INDEX 

STATISTICS 

CORRELATION COEFFICIENT ( r I 0 . 765 

STANDARD ERROR OF ESTIMATE (er) 6.88 
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Figure 3. Measured versus predicted PCI. 
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of less than 60 cannot be predicted with a reason­
able degree of confidence. 

Two parameters calculated from the NDT deflection 
measurements are used in the performance prediction 
model. These parameters are determined by using the 
deflection measurements taken at 0 and 12 in. from 
the point of loading. Statistical analysis indi­
cates that using only the deflection measurements 
taken at these two locations provides the best cor­
r elations. The parameters are a normalized deflec­
tion factor that gives a measure of the slope of the 
deflection basin (DIFF) and a measure of the deflec­
tion-basin area (AREA) at a given load level. Fig­
ure 4 presents the DIFF and AREA variables. Al­
though not exactly the same variables are found in 
other literature on nondestructive testing, both 
DIFF and AREA correlate strongly with the variables 
defined by Hoffman and Thompson (_!,ll • Theoreti­
cally DIFF can vary from 0 to 1.0; stiffer pavements 
have lower values. For AREA the larger the value 
the less stiff the pavement. 

These two variables, AREA and DIFF, were used in 
the performance model because they were found to 
have the best correlation with PCI. During the ini­
tial development of the performance prediction 
model, it was considered critical that NDT parame­
ters having engineering significance and best corre­
lation with PC! be used. 

Thickness was not found to have a high correla­
tion in the regression analysis. A number of thick­
ness variables were examined, such as total pavement 
thickness, asphalt-concrete thickness, and a 
weighted total pavement thickness, yet none of these 
variables was found significant. However, both 
thickness and NDT results are used as measures of 
pavement strength, so it is not surprising that 
thickness was not found to be a significant vari­
able. In fact, if the thickness were included in 
the model, it would weaken the effect of the NDT 
variables in predicting pavement performance. 

As is expected, pavement age is an important var-

Figure 4. NOT variables used in 
regression analysis. 

FWD 
IMPULSE LOAD 

12• 

AREA= 12 x (Do+D12l 

OIFF = (~) 
Do 

15 

iable in the prediction of pavement performance. 
Figure 5 gives the age variables with PC!. Three 
pavement-layer age variables are included in the 
prediction model--AGE, AGESOL, and AGETOT. AGE is 
the time since the last overlay, AGESOL is the time 
from construction to first overlay, and AGETOT is 
the total pavement age. Total pavement ages ranged 
from 17 to 44 yr; the time since the last overlay 
ranged from 0 to 29 yr. This represents a good dis­
tribution of ages for the given pavement type; 
therefore, pavement age is not expected to present 
itself as a limiting factor in the performance pre­
diction model. 

Finally, a weighted traffic variable (LPMTOT) is 
included in the prediction model. LPMTOT is the 
natural logarithm of a weighted current traffic 
count. The current traffic counts are divided into 
different categories based on the vehicle size and 
load. Because heavier vehicles (trucks) cause more 
damage, the traffic counts must be weighted to ac­
count for this differential. Coefficients used in 
weighting the different traffic categories were ob­
tained based on information from Yoder (~) and other 
researchers (_?.). The traffic types and weighting 
are presented in Figure 6. 

The prediction model was developed from data ob­
tained at one location and is applicable to that lo­
cation only. Climatic effects limiting the use of 
the model to one geographical area have not been 
considered. A general model will require that data 
be obtained from different locations, so the nuinber 
of freeze-thaw cycles and mean annual temperature 
can be considered. 

A major assumption in using NDT data to predict 
pavement performance is that the NDT response does 

Figure 5. Pavement age variables. 
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Figure 6. Traffic types and weighting. 

TRAFFIC TYPE OE5CRtPTION 

TYPE A PASSENGER, PANEL AND PICKUPS 

TYPE B TWO AXLE TRUCKS AND BUSES 

TYPE c TRUCKS WITH THREE OR MORE AXLES 

TYPE D 60K TRACK VEHICLES AND 15K FORKLIFTS 

TYPE E 90K TRACK VEHICLES AND 20K FORKLIFTS 

TRAFFIC WEIGHTING 

PMTOT = .15 *TYPE A +BO* TYPE B + 500 *(TYPE C + 

TYPE D + TYPE E ) 
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not change with time if other variables such as time 
of testing and temperature remain constant. Based 
on evidence from several researchers (_£) , this ap­
pears to be a reasonable assumption if the tests are 
performed on sound sections •Of the pavement. The 
response is expected to remain constant until the 
pavement starts to fail structurally. This concept 
is shown in Figure 7. Because the purpose of the 
predictions is to outline maintenance and rehabili­
tation requirements, pavement sections should not 
reach the level where NDT response would change 
drastically. 

The performance prediction model as currently 
developed has some limitations. However, the sta­
tistics from the model indicate that NDT results can 
be used in combination with other variables to pre­
dict pavement performance. Continuing model 
development should remove the limitations now asso­
ciated with the prediction model and allow it (or 
similar mod~ls for a given locality) to be incorpo­
rated into the pavement system PAVER. 

USE OF MODEL IN PMS 

Pavement performance prediction models will greatly 
enhance the usefulness of the PMS. On both the net­
work and the project levels, pavement prediction 
models assist in the selection of the optimum main­
tenance strategies. Budget planning, priority rank­
ing of projects, and inspection scheduling can be 
organized in such a manner as to maximize user bene­
fits. In addition, at the project level, the pre­
diction model information (NDT data, traffic counts, 
and so on) can be used to select and aid in design 
of the most advantageous maintenance and rehabilita­
tion (M&R) alternative. 

Effective use of the prediction model requires 
that the necessary information be included in the 
PMS. For the pavement network considered, nonde­
structive testing will have to be performed, traffic 
counts collected, and construction history deter­
mined for each pavement section. This information 
would then have to be stored in the PMS data bank. 

A workable network-level application of the pre­
diction model would be to enable optimal budget ex­
penditures. As Figure 8 shows, the PCI has been 
found to correlate well with the needed level of M&R 
(3). Conceptually, as can be seen in Figure 9, the 
required level of M&R dollars for a given pavement 
decreases with increasing PCI. The prediction model 
can be used to determine those pavements that will 
most need repair or be deteriorating rapidly. By 
applying timely maintenance to those sections before 
more costly alternatives are required, spending of 
available monies can be made optimal. Also, the 
prediction models can be used for identification of 
critical pavement sections to plan future pavement 
inspection schedules. 

At the project level, the available information 
can be used for pavement sections identified as 

Figure 7. Pavement deflection versus pavement life. 
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Figure 8. Relationship between 
PCI and maintenance 
requirements. 

Figure 9. Maintenance cost 
as a function of pavement 
condition. 

e 
f--
(f) 
0 
u 
0:: 
cO 
::;: 
_J 
<( 
f--
0 
f--

M BR ZONE 

ROUTINE 

ROUTINE, 
MAJOR, 

OVERALL 

MAJOR, 

OVERALL 

OVERALL 

COST 

100 75 

RATING 

GOOD 

FAIR 

POOR 

VERY POOR 

10 
FAILED 

0 

f (CONDITION) 

$ 

50 25 0 
PCI 

needing repair. Available NDT, traffic, and pave­
ment age data can be used in the design and selec­
tion of specific M&R alternatives for a given pave­
ment section. This would allow the engineer to 
select the alternative that will maximize benefits. 

Pavement performance prediction models have im­
portant engineering and management applications at 
both the project and the network levels. The degree 
of usefulness of the prediction models and the data 
associated with them, however, depends on how well 
the engineer uses the information available. 

SUMMARY 

Based on the findings presented in this paper, it is 
believed that NDT results do correlate with pavement 
condition and can be used as a predictor of pavement 
performance. Using NDT results in addition to other 
pavement data to accurately predict PCI will allow 
user benefits to be maximized. Including prediction 
models based on NDT results in the PMS will permit 
optimum planning, priority ranking, and scheduling 
on a long-term basis. 

However, before the performance models presented 
in this paper become practical, further development 
is required. The possibility of improving the pre­
diction model based on the concept of performance 
and strength level will be explored. Another appli­
cation is to simply apply the proven form of the 
model to data from different locations and redeter­
mine the coefficients for that location. This con­
cept may also be applied to develop a family of 
curves for performance prediction. Additional data 
are required for the inclusion of climate factors 
and other pavement types. Comparisons must be com­
pleted to assure that the relationships developed 
between PCI and NDT results are not device depen­
dent. Once sufficient data have been compiled and 
analyzed, an accurate pavement performance predic­
tion model will be a welcome addition to any PMS. 
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A Model for Predicting Service Life of Flexible Pavement 

and Its Impact on Rehabilitation Decisions 
JACK T. ALLISON, ALBERTO GARCIA-DIAZ, AND R.L. LYTTON 

A procedure has been developed to estimate the service life of a flexible pave­
ment based on a combination of predicted ride and distress conditions. These 
conditions are calculated by using equations developed for Texas, taking into 
consideration measurable values of material properties, climatic conditions, 
and design factors. Predicted pavement lives were correlated with actual Texas 
data and acceptable results were obtained. The most significant contributing 
distress types that affect the service life were identified by using a discriminant­
analysis approach. Discriminant functions were developed for each of the preva­
lent Texas flexible pavements to determine whether the probability of needing 
rehabilitation is high for calculated levels of ride and distress. An analysis is 
provided to assess the cost of a delay in rehabilitation once the predicted life 
has been reached. In this analysis maintenance, user, and rehabilitation costs 
are taken into consideration. Rehabilitation costs and strategies dependent on 
pavement condition are modified from those developed for the California pave­
ment management system. 

The development and use of a procedure for estimat­
ing the service life of an existing flexible pave­
ment in Texas are describedi the estimation of 
service life is based on predicted values of 
serviceability and distress. A discriminant-analysis 
approach is used in the development of the model to 
define the terminal point for rehabilitation. 

The study also includes an analysis for assessing 
the cost of a delay in rehabilitation once the pre­
dicted life has been reached. A present-worth and 
benefit-cost analysis in which rehabilitation, main­
tenance, and user costs are considered is used in 
this assessment. 

BACKGROUND 

The Texas State Department of Highways and Public 
Transportation sponsored a project to estimate the 
remaining service life of a flexible pavement. For 
the purposes of this paper, service life is defined 
as the total number of equivalent axle loads or the 
total number of years that the pavement surface 
lasts, i.e., time or loads between resurfacings. 
Similarly, the service life of a surface-treated 
pavement is taken as the time or loads between seals 
or surface treatments. Following previous work done 
on flexible pavements in Texas, pavements are clas-

sified as asphaltic concrete, overlay, or surface 
treated for developing the life-prediction models. 

An examination of actual data on flexible pave­
ment performance has suggested the following func­
tion to represent the loss in serviceability or per­
centage of distress: 

g(N) = exp(-(p/N)~] (!) 

where p and B are deterioration-rate constants 
and N is the number of 18-kip equivalent single axle 
loads (ESALs) • Equations for each of the pavement 
categories have been developed (l) to estimate the 
deterioration-rate constants for: - predicting levels 
of distress and serviceability based on environ­
mental, mated al, and design properties. The per­
formance equations predict the affected area or 
degree of severity for each of the following types 
of distress: rutting, raveling, flushing, corruga­
tions, alligator cracking, longitudinal cracking, 
transverse cracking, and patching. 

Periodic pavement condition surveys have been 
performed on selected pavement sections in Texas to 
monitor the serviceability index and the severity 
and extent of distress. Distress area and severity 
are rated as none, slight, moderate, and severe, 
corresponding to numerical ratings of 0, 1, 2, and 
3, respectively. In addition these ratings can be 
converted into percentages of area or severity: for 
applications reported in this study, 16.6, 33, and 
50 percent correspond to ratings of l, 2, and 3, 
respectively. This relationship is used in the 
development of the service life prediction model to 
numerically express the extent of each type of dis­
tress. Once the extent of distress has been esti­
mated, the service life of a pavement can be deter­
mined from Equation l. 

MODEL DEVELOPMENT 

Discriminant analysis is a statistical technique in 
which an observation of unknown origin is assigned 
to one or more distinct groups based on the value of 
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the observation (2). This technique is used to com­
bine the effects of the different distress and per­
formance types that produce a need for pavement 
rehabilitation. 

Essentially the technique discriminates among 
groups by using a linear combination of the observa­
tions. The coefficients of the linear relation are 
chosen to maximize the ratio of the difference in 
the means of the linear combination in each of the 
two groups to its variance (3). Frequently the dis­
tance from each individual -observation to each of 
the group centroids, commonly known as Mahalanobis' 
0 2 -statistic (4), is used as the criterion for 
classification - purposes. This smallest distance 
dictates the assignment rule and may be stated as 
follows: 

Df(x)=(x -x;)T ST 1 (x-x;)+ln1Sil-21n(ri) (2) 

where 

2 
Dj (x) 

x = 

generalized squared distance from observa­
tion x to group j, 
vector of variables in an individual ob-
servation, 
vector of means of variables in group j, 

inverse of covariance matrix for group j, 
determinant of covariance matrix for group 
j, and 
prior probability of assignment to group j 
(proportion of observations in group j to 
total number of observations in all 
groups) • 

When the covariance matrices are equal, the qua­
dratic terms cancel because of symmetry and linear 
equations result for the distance measure. The 
variables used in this study are the serviceability 
index and the area and severity of distress, which 
are shown by using values of O, 1, 2, or 3. To ob­
tain the observations for the analysis, a sample of 
sections was used for which condition survey infor­
mation was available for the years 1973-1978 for 
each of the pavement types. The observations were 
classified into two groups: those that had been re­
surfaced during the 1973-1978 period and those that 
had not. Results from the 1977 condition survey or 
those of the years preceding a decision to rehabili­
tate (resurface) were used to describe each section. 

Discriminant analysis was used to determine which 
of the types of distress or serviceability index 
were the best indicators of a decision to resurface 
and how they were weighted relative to one another. 
The decision to resurface in terms of discriminant 
analysis is a decision to assign a particular sec­
tion of pavement to the group of pavements that need 
resurfacing. 

In order to obtain an effective assignment rule-­
that is, one with a low error rate--the variables 
must provide information about the two populations, 
which enables assignments to be made. The complex­
ity of the discriminant function may be reduced be­
cause the set of variables used is limited to those 
that contribute t.he most t.o the assignment of the 
observations into the two groups. A regression 
analogy, credited to Cramer (~l and applicable to 
discriminant analysis with two groups, allows the 
problem to be treated as a multiple regression with 
the creation of a dummy variable as indicator of 
group membership. To accomplish this, a new vari­
able (y il is defined by one of the following equa­
tions: 

(3) 

(4) 
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where 

Yi dependent variable for observation i, 
n1 • number of observations in group 1, and 
n2 • number of observations in group 2. 

This substitute variable made it possible to exam­
ine all of the linear regression relations among the 
dependent and independent variables. The model with 
the smallest mean-square error was chosen to provide 
the set of variables (distress types or ser­
viceability index) that are used in the discriminant 
function. An alternative approach to this one could 
have used a forward or backward stepwise regression 
model, available in many standard computer software 
packages. However, the procedure used here was 
believed to be superior to the stepwise procedure 
because the order that the variables enter into the 
model does not affect the final set of variables. 

Table 1 gives the distress types that proved to 
be the best indicators of the need to resurface each 
of the three pavement types. The number of vari­
ables used in the model is greatly reduced for each 
of the pavement types. Interestingly, the pavement 
serviceability index (PSI) was chosen only for the 
overlaid pavements. This corresponds to the widely 
held opinion in Texas that pavements are rehabili­
tated mainly because of existing distress rather 
than the quality of the ride. The set of variables 
for each pavement type includes at least some of the 
most important distress types causing serious sur­
face deterioration, such as alligator cracking and 
longitudinal and transverse cracking. 

By using the variables listed in Table 1, dis­
criminant functions are developed to identify pave­
ment sections in need of resurfacing. Hypothesis 
testing of the covariance matrices of the two groups 
(resurfaced and not resurfaced) revealed that they 
are not statistically equal, resulting in quadratic 
discriminant functions, which are more appropriately 
handled by a computer program. The classification 
performance of the models is found to be acceptable 
by examining the number of correct assignments made 
with the test data. The results of this analysis 
are displayed in Table 2. 

Linear approximations of the discriminant func­
tions for each pavement type are given in Table 3. 
However, an examination of the number of correct 
predictions made by the linear functions, given in 
Table 4, shows the superiority of the quadratic 
functions in identifying sections that belong to the 
group of resurfaced pavements. 

It may be noted that a limited number of observa­
tions existed for resurfacing in the asphalt-con­
crete and overlay categories. The resulting func­
tions may be somewhat biased because of this. 
However, the results given in Table 2 demonstrate 
that the models are fairly good discriminators. 

Table 1. Serviceability and distress types selected for discriminant analysis. 

Pavement Type 

Asphalt concrete 

Overlay 

Surface treated 

Serviceability or Distress Type 

Alligator-cracking severity 
Longitudinal-cracking severity 
Longitudinal-cracking area 
Transverse-cracking severity 
Pavement serviceability index (PSI) 
Alligator-cracking area 
Longitudinal-cracking severity 
Longitudinal-cracking area 
Ru !ting severity 
Rutting area 
Longitudinal-cracking severity 
Transverse-cracking area 
Patching area 
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Table 2. Number of observations correctly predicted by quadratic discriminant 
functions for three types of pavement. 

Correct Predic-
tions 

Pavement Type Group No. of Cases No. Percent 

Asphalt concrete Resurfaced 5 4 80.0 
Not resurfaced ...]_§_ -11 93.4 

Total 81 75 92.6 

Overlay Resurfaced 16 10 62.5 
Not resurfaced ....§.§. ...22. 90.0 

Total 82 70 85.4 

Surface treated Resurfaced 56 39 69.6 
Not resurfaced ..11.. _g 80.5 

Total 133 IOI 75.9 

Table 3. Linearized discriminant functions for three types of pavement. 

Group 

Not 
Pavement Type Variable Resurfaced Resurfaced 

Asphalt concrete Constant -8.1085 -0.5903 
Alligator-<:racking severity 1.8279 0.4700 
Longitudinal-<:racking 

severity -4.6091 0.3768 
Longitudjnal-cracking area 5 .6596 0.3020 
Transverse-cracking severity 2.4684 0.3330 

Overlay Constant -13.7967 -13.0364 
PSI 5 .8827 6.6062 
Alligator-crackjng area 2.0832 1.3395 
Longitudinal-<:racking 

severity -I .3448 0 ,6792 
Longitudina !-<:racking area 3 .4315 0.1462 

Surface treated Constant -5.9554 -4.7224 
Ru !ting severity 3 .2586 2.4665 
Ru !ting area 2.3691 3 .0307 
Longitudinal-<:racking area I .4207 1.0717 
Transverse-cracking area 1.2046 0.4998 
Parching area 0.9275 0.4040 

DESCRIPTION OF LIFE-PREDICTION MODEL 

The serviceability and distress performance equa­
tions are used with the discriminant functions to 
predict the life of a section of pavement. As aging 
occurs or loads accumulate, signs of distress become 
evident and the serviceability index may decrease. 
At the point where the equations predict a change in 
the condition rating, the overall rating for each of 
the corresponding distress and serviceability vari­
ables is evaluated by the corresponding discriminant 
function. This process continues until the proba­
bility of being assigned to the group of pavements 
in need of resurfacing reaches or exceeds a speci­
fied value. Because the goal of the model is to 
determine when a pavement is in need of rehabili ta­
t ion, which may be considered a critical decision, a 
relatively high assignment probability is war­
ranted. The probabilities used in the model are 
0.70, 0.70, and 0.80 for asphalt-concrete, overlaid, 
and surface-treated pavements, respectively. The 
probability for assigning an observation to a group 
was described by Eisenbeis and Avery (i) as follows: 

PLl/x] =exp [-0.5 Dl(x)]/2: exp [-0.5 Dk (x)] 
K 

(5) 

In Equation 5, P[j/x] is the posterior probability 
that observation x belongs to group j. 

The translation of pavement life from 18-kip 
ESALs into time is accomplished by using annual 
average daily traffic (AADT), estimated traffic 
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Table 4. Number of observations correctly predicted by linear discriminant 
functions for three types of pavement. 

Correct Predic-
tions 

Pavement Type Group No. of Cases No. Percent 

Asphalt concrete Resurfaced 5 3 60.0 
Not resurfaced ...]_§__ 7]_ 96.1 

Total 81 76 93.9 

Overlay Resurfaced 16 8 50.00 
Not resurfaced ....§ ()_l_ 92.42 

Total 82 69 84 , l 

Surface treated Resurfaced 56 29 51.8 
Not resurfaced ..11.. 64 83.l 

Total 133 93 69.9 

growth, percentage of trucks, and truck traffic in­
formation from 1980 W-4 and W-5 tables with the 
AASHTO procedures (~) • Assuming a linear traffic 
growth rate, the following expression relates time 
to the accumulated load: 

A= N0 [I+ 0.5 (G) I (I - !)] 

where 

N0 yearly 18-kip equivalent at time O, 
I number of years, 
G annual growth rate, and 
A accumulated 18-kip ESALs. 

(6) 

Results produced from the life-prediction model 
were correlated with actual data from Texas pave­
ments. The statistical findings from regression and 
correlation analyses are shown in Figures 1, 2, and 
3. 

The resulting regression lines are close to the 
desired zero intercept with a slope of 1 (a 45-
degree line on the graphs). With correlation coef­
ficients in the range of 0.5 to 0.6, about 26 to 37 
percent of the variation in the actual service life 
is accounted for by the linear relationship. How­
ever, an examination of the F-values (9.9 to 14.6) 
reveals that a significant amount of the variation 
in the response variable (actual life) is accounted 
for by the linear model. Although these results may 
not be extremely impressive, they are promising, 
especially because there are many variables in the 
decision process for determining when a pavement 
should be resurfaced, including the availability of 
funding, which may or may not be related to the need 
for resurfacing. 

COST ANALYSIS 

Two basic functions are accomplished by the cost 
analysis to be described: assessment of the cost of 
delaying the predicted rehabilitation by using a 
present-worth analysis and provision of a benefit­
cost ratio to help justify the proposed rehabilita­
tion. The analysis includes rehabilitation and 
maintenance costs and benefits due to. savings in 
fuel consumption, travel time, and reduced mainte­
nance. 

Rehabilitation costs are dependent on the strate­
gies used, which are dictated by the principal cause 
of the resurfacing. The strategies used in this 
model are customized versions of those suggested by 
the California pavement management system (7) and 
appear in Table 5. As part of the customizi~, the 
alternatives have been stated in terms of the scores 
obtained from the condition survey. The alternative 
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Figure 1. Actual versus predicted performance for asphalt­
concrete pavements. 
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Figure 2. Actual versus predicted performance for overlaid 3 .o 
flexible pavements. 
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Figure 3. Actual versus predicted performance for farm-to-market 
surface-treated pavements. 
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Table 5. Rehabilitation strategies for three types of pavement. 

Strategy by Condition 
Pavement 
Type Cause Slight Moderate 

Asphalt 
con­
crete 

Alligator cracking Fill cracks 1-in. overlay 
and local 
dig-out 

Longitudinal and Do nothing Fill cracks 

Overlay 

transverse 
cracking 

Alligator cracking 

Longitudinal 
cracking 

PSI.; 2_9 

Surface Rutting 
treated 

Longitudinal 
and transverse 
cracking 

Patching 

Fill cracks 

Do nothing 

Leveling 
and I-in. 
overlay 

Seal coat 

Do nothing 

Do nothing 

I-in_ overlay 
and local 
dig-out 

Fill cracks 

Leveling and 
I-in. over-
lay 

Double seal 
coat 

Do nothing 

Seal coat 

o_oo 

Se-vere 

5.0-in. over­
lay 

Rubberized 
asphalt 
chip seal 

5 .0-in_ over­
lay 

Rubberized 
asphalt 
chip seal 

Leveling and 
1-in. over­
lay 

Sectional re-
construc­
tion 

Fill cracks 

Double seal 
coat 

is matched to the predicted condition for each ap­
plicable distress and serviceability type, and the 
most costly strategy is chosen to be the cost of re­
habilitation. 

Pavement maintenance costs are assumed to in­
crease with pavement age. For lack of a more pre-

0 02 0 _03 0 .04 0 .05 0 ,06 0 ,07 

PREDICTED 18-KIP ESALS (MILLIONS) 

cise model developed for Texas, the EAROMAR (_!!) 
equations were used, even though they were developed 
to predict maintenance workloads for multilane free­
ways. The model is as follows: 

C, = (l,100C 1 + 1,000C2 + 5C3 )/ { 1 +exp [(t - 10)/1.16]} (7) 

where 

Ct annual maintenance cost (yr/lane mile) , 
Cl bituminous skin patching ($3.47/yd 2 ), 

C2 crack sealing ($0.25/linear ft), and 
C3 bituminous base and surface repair 

($450/yd'). 

For highway types other than freeways, the 
EAROMAR results are appropriately modified by multi­
plying them by a reduction coefficient reflecting 
past maintenance data for Texas. The results of a 
comparison of maintenance costs for farm-to-market 
and U.S. and state highways with those for Inter­
state routes in Texas (9) is as follows. (As an il­
lustration, the maintenance cost on farm-to-market 
roads is 38.2 percent of the cost per lane mile com­
puted by the EAROMAR equations.) 

Highway No. of 
system Observations 
Interstate 4 
Farm to 

market 23 
U.S. and 

state 62 

Avg 
Maintenance 
Cost per 
Lane Mile 
($) 
1,028.00 

391.00 

325.00 

Percentage 
of 
Interstate 
Cost 

38.2 

31.6 
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The present-worth analysis focuses on the re­
habilitation strategy and on the annual maintenance 
during the analysis period, which corresponds to the 
service life of the rehabilitation strategy, which 
in turn is determined by the service-life prediction 
model. Costs of delaying rehabilitation beyond the 
predicted end of a pavement's life are calculated 
for delay periods from 1 to 5 years. In order to 
compare the alternatives over equal time spans, the 
unused value of the rehabilitated pavement is taken 
into consideration. The present worth of delaying 
rehabilitation may be expressed as follows: 

PW= f [Cn · (P/F;,n)J + { R., · (A/P;,m) + ~ [Cn · (P/F;,n) 
n = l n = J 

· (A/P;,m)J} [(P/A;,rn .,) · (P/F;,r)] 

where 

interest rate, 
rehabilitation cost, 
analysis period, 
year in which rehabilitation occurs, 
maintenance cost in year n, 
equal-payment-series capital recovery 
factor = i(l + i)m/[ (1 + i)m - 11, 
equal-payment-series present-worth 
factor = l/(A/Pi,m>, 
single-payment present-worth 
factor= 1/(1 + i)n. 

The unused value may be expressed as follows: 

U= Re· (A/P;,rn) · (P/A;,,) 

BENEFIT-COST ANALYSIS 

(8) 

(9) 

In this section, a model is constructed to evaluate 
the benefits resulting from reductions in user and 
maintenance costs due to increased serviceability. 
The resulting benefit-cost analysis is useful in re­
lating the probability of a proposed alternative to 
its cost. Two types of user costs are considered, 
fuel consumption and travel time, because these rep­
resent disbursements on the part of the user in con­
trast to more subjective abstract costs, such as 
those for discomfort. In addition, accident costs 
and vehicle operating costs, often considered in an 
analysis of this type, were not included for lack of 
an adequate model to relate them to serviceability 
or the distress types mentioned previously. Fuel 
consumption costs and travel time costs were esti­
mated for different levels of the serviceability in­
dex as predicted by the corresponding performance 
equation. To calculate the benefits derived from 
increasing the serviceability, a concept illustrated 
in Figure 4 is used (10). The underlying assumption 
is that costs increase with pavement aqe up to a 
point, and resurfacing (point G) updates the age and 
returns the cost structure to zero. The benefits 
would be the difference between the cost under the 
assumption th<it no improvements were made and the 
cost under the assumption that an improvement takes 
place. Thia benefit is represented by the region 
BDEG in Figure 4 for a time span of N years. 

With this concept the following equation was 
developed to calculate the benefits derived from 
fuel savings: 

Br= {[(F2N)/2] - [(F2 -Fi)/2] [N -N(F 1/F2 )]} 

x [(AADT) (L,) (365) (J/12) (CG) (P/A;,n)J /N 

where 

(10) 

present worth of benefits from fuel savings 
due to resurfacing, 
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Figure 4. Concept of time versus cost (!fil· 

c 
0 

s 
T 

TIME 

F2 maximum percentage of reduction in fuel costs 
(1.5 percent) due to resurfacing, 

Fl percentage of reduction in fuel costs based 
on PSI before resurfacing, 
service life, 
cost of a gallon of gasoline, and 
length of section. 

The percentage of reduction in fuel use as shown 
by Ross (11) is given by the following: 

F 1 = 0.0001879 · (PSIA - PSlll)/ [0.043771 - (0.0001879 · PSIA )] (11) 

where PSIA is the serviceability index after re­
surfacing and PSI8 is the serviceability index 
before resurfacing . 

It should be noted that this equation yields re­
sults considerably different from those interpolated 
from Claffey's work (12): the maximum difference is 
about 30 percent. T;;- illustrate the magnitude of 
benefits per mile derived from fuel savings, an AADT 
of 1, 000 vehicles may be assumed together with a 
service life of 8 years, an annual interest rate of 
10 percent, and a PSI before resurfacing of 2. 5. 
The present worth of benefits due to fuel savings 
for this example would be calculated as follows: 

F 1 = 0.0001879 · (4.7 - 2.5)/ [0.043771 - (0.0001879)(4.7)] 

= 0.0096 (12) 

Br = ( [(O.D15) (8)/2] - [(0.015 - 0.0096)/2] { 8 - [8 (0.0096) 

.;. 0.DI 5]}) { [(1 ,000) (365) (1.20) (5 .3349)] /[(12) (8)]} 

= $1,27 l.OO (13) 

For time savings, the equation used for cal­
culating benefits is as follows: 

where 

(14) 

present worth of benefits from time savings 
due to resurfacing, 
travel time before resurfacing, 
travel time after resurfacing, and 
value of time per hour. 

Speed increases due to resurfacing are as follows 
(10,13): 
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I ncreases !mEhl b:f PSI 
s2eed Limi t <m2hl 2 .6-2 . ll 2.1-1.81 1.8-0 
25-30 0 0 2 
35-40 0 2 4 
45-50 2 4 6 
55 4 6 8 

As an illustration, for the previously stated 
example and a speed limit of 55 mph with a $6.00 de­
lay cost per hour, the benefits due to time savings 
would be calculated as follows: 

B1 = [(1 /51) - (1/55)] (1,000) (6) (5.3349) 

= $16,66 1.00 (15) 

Benefits derived from reduced maintenance costs 
!Bml are estimated by calculating the present 
worth of the difference between maintenance costs 
when there is no resurfacing and those when resur­
facing takes place. Because maintenance costs are 
calculated as a function of pavement age, resurfac­
ing updates the age of the pavement and thus reduces 
costs. 

As an illustration, a two-lane state highway may 
be assumed with a 10-year-old pavement at the time 
of rehabilitation. It is further assumed that the 
new surface lasts 8 years. Savings in maintenance 
costs would be calculated as follows: 

Bm = 2(1,100 (3.47) + 1,000 (0.25) + 5(450)] 

x ( }
1 

(!fl. +exp(-i/1.16)] - {I/I 

+exp [- (i - 10)/1.161}) 

= $18,821.00 (16) 

The total benefits for fuel savings, time savings, 
and reduced maintenance for this example are 
$36,753.00/mile. 

Costs for the benefit/cost (B/C) ratio are those 
of the rehabilitation strategy discussed previously, 
which yields the following relationship: 

B/C ratio = (Br + B, + Bm )/Re (I 7) 

Assuming in the example that the principal cause 
of rehabilitation is a moderate level of alligator 
cracking, the cost of rehabilitation as modified 
from the California method is given by the following: 

R,, = [L, (N + 0.67) · CJ + (L,) (N) (0.05) (CE)) · I .2 

where 

Ls length of project (1 mile), 
N number of lanes (two), 

CJ cost of 1-in. overlay per lane mile 
($10,000.00), and 

CE cost of base repair and patching per lane 
mile ($140,000.00). 

(18) 

The resulting rehabilitation cost is $56, 000. 0 0 
with a B/C ratio of 0.64. Delaying this project 
until a more costly rehabilitation strategy must be 
taken may result in a lower B/C ratio. However, if 
the same strategy applies, benefits will increase 

.and the ratio will increasei this makes the project 
more competitive with other projects. 

The negligible savings in fuel contributes to 
making this project unfavorable in the light of a 
benefit-cost analysis. Previous studies (10) and 
studies in other countries (14) suggest a stronger 
influence (larger benefits) of savings in fuel in 
the determination of total benefits. 
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SUMMARY 

A model has been described that is capable of pre­
dicting the service life of a flexible pavement sec­
tion and of evaluating the effects of a prompt or 
delayed decision in taking rehabilitation actions. 
The model combines discriminant analysis, a statis­
tical technique, with performance equations developed 
for Texas conditions and produces results that com­
pare favorably with actual data collected on sections 
of the state's highway system. 

A framework is provided to perform present-worth 
analysis based on maintenance and rehabilitation 
costs. The period for this analysis is assumed to 
be the life of the surfacing, which in turn is pre­
dicted by the life-prediction model, and the 
rehabilitation strategies are also generated in­
ternally. A benefit-cost analysis is provided to 
supplement the present-worth analysis. This model 
is expected to aid the state in planning or program­
ming future expenditures on pavement rehabilitation 
projects. 
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Field Investigation of Resource Requirements for 
State Highway Routine Maintenance Activities 

ESSAM A. SHARAF, KUMAR ES C. SINHA, R. CLAY WHITMIRE, AND ELDON J. YODER* 

The first phase of a comprehensive study to identify potential cost and energy 
savings in routine maintenance activities on the state highway system in Indiana 
is described. In this phase the current highway routine maintenance standards 
of the Indiana Department of Highways were reviewed and updated based on 
data collected in the field, and guidelines for estimating equipment fuel con­
sumption were established. The needs for different resources (materials, labor, 
and equipment) used in various routine maintenance activities (types, rates of 
consumption, and frequencies of use) were identified. Energy consumed in 
each activity was determined as the number of gallons of fuel required to pro­
duce one production unit of an activity. The preliminary data analysis indi­
cated that there is a potential for considerable cost and energy savings through 
better assignment of equipment in different activities. The information de­
veloped in this phase can be used directly by the Indiana Department of High­
ways in preparing their annual maintenance program. 

Inflation and price increases have significantly af­
fected the routine maintenance expenditures fo.r the 
state highway system in Indiana. For example, the 
total expenditure on routine maintenance activities 
in 1976 was $47 million, whereas in 1981 the expen­
diture increased to about $70 million tl,2). 

The recent increase in pr ice for all petroleum­
r elated materials includes such derivatives as motor 
fuel, asphalts, and tars. Motor fuel is the material 
with the greatest price increase, and it is critical 
to any maintenance activity because of the depen­
dence of the equipment fleet on it. For instance, 
the maintenance equipment fleet of the Indiana De­
partment of Highways (!DOH) consumed about $2.6 mil­
lion worth of motor fuel in 1976, and in 1981 this 
increased to about $6.0 million . In addition the 
portion of total material costs assigned to motor 
fuel has increased with time: for example, 18 per­
cent of the total material costs was assigned to 
motor fuel in 1976 as opposed to 28 percent in 1981. 

F'rom the foregoing observations it is evident 
that motor fuel must be considered a special re­
source that needs tu l.Je contcolled . This can be 
achieved only through detailed information on equip­
ment use and associated fuel consumption. Many 
studies have been initiated in the past on the gen­
eral topic of energy use by maintenance equipment 
0.-10) • However, the information available does not 
provide either the degree of variability of fuel 
consumption among different equipment types or the 
variability of fuel consumption by the same equip­
ment type when used in different maintenance activi-

*Deceased . 

ties. Furthermore, the current standards of equip­
ment use by !DOH are measured by the number of hours 
or miles for which a piece of equipment is used. 
These measures cannot provide useful information 
about fuel consumption unless other supporting rates 
are developed. Such rates as miles per qallon and 
gallons per hour are useful in recogn1z1ng the 
amount of fuel consumed as well as the degree of use 
of a piece of equipment. 

The objective of the study reported in this paper 
is to update the current standards of maintenance 
resource needs and to establish new standards for 
fuel consumption by maintenance equipment. This in­
formation can then be used in efforts to achieve 
maintenance cost and energy savings. The study was 
sponsored by the Federal Highway Administration and 
!DOH and the results obtained will be of use to !DOH 
in programming routine maintenance activities. 

STUDY METHODOLOGY AND DATA-COLLECTION PROCEDURE 

The existing system of maintenance data recording 
was used with some modifications. The current re­
porting system of !DOH consists of filing work rec­
ords on a crew day card. Information recorded on 
such cards includes activity type, location, date, 
number of crew members and corresponding man hours, 
equipment used and corresponding miles or hours, 
materials used and corresponding quantities, and 
total accomplishment (production units) • 

For 6 weeks during October through November 1981, 
data were collected from selected subdistr icts rep­
resenting the six districts of !DOH. This period 
was considered unique in that most maintenance ac­
tivities were performed during this time. Neverthe­
less, some activities could not be included: ac­
tivities that are not applied at that time of the 
year (for example, snow and ice removal); activities 
with low occurrence, such as seal coating; and 
activities of administrative nature, such as train­
ing, stand-by time, and so on. 

The current data-recording system by using crew 
day cards does not include any information about the 
amount of fuel consumed by different equipment 
types. Consequently the subdistrict managers were 
instructed to fill each piece of equipment with fuel 
before and after each job. The difference was then 
to be recorded on the same crew day card with other 
associated activity data. 



Transportation Research Record 943 

The gross sample size was about 1,400 jobs. After 
a screening process to check the validity of the 
data, about 200 jobs were excluded. 

Forty-nine maintenance activities were covered in 
this phase of the study (see Table 1 for names of 
activities). Thirty-nine different materials were 
found to be the most frequently used in practice. 
The labor force was grouped into six categories. 
Seventy-nine different equipment types were used in 
routine maintenance. Units of measurement for types 
of fuel-consuming equipment were miles per gallon or 

Table 1. Summary of resource cost analysis(§, UJ. 

Man Hours 
per Produc-

Activity Unit of Measure tion Unit 

Roadway and shoulder 
Shallow patching Tons of mix 13 .0 
Deep patching Tons of mix 5.3 
Premix leveling Tons of mix 3.2 
Full-width shoulder sealing Foot miles 3.7 
Sealing longitudinal cracks and 
joints Linear miles 8.8 

Sealing cracks Lane miles 25.6 
Cutting relief joints Linear feet 0.5 
Spot repairing of unpaved 

shoulders Tons of aggregate 1.2 
Blading shoulders Shoulder miles 1.7 
Clipping unpaved shoulders Shoulder miles 26.6 
Reconditioning unpaved shoulders Shoulder miles 27.7 
Joint and bump burning Bumps removed 3.9 
Other Man hours 1.0 

Roadside 
Machine mowing Swath miles 1.1 
Brush cu !ting Man hours 1.0 
Herbicide treating Man hours 1.0 
Seeding and/or fertilizing Man hours 1.0 
Topping, tdmming, or removing 

long trees Trees 20.8 
Stump removing Stumps 3.7 
Spot mowing and hand trimming Man hours 1.0 
Right-of-way fence repairing Linear feet 0.3 
Other Man hours 1.0 

Drainage 
Cleaning and reshaping ditches Linear feet 0.1 
Inspecting minor drainage 
structures Structures 0.6 

Pipe replacing Location 58 .6 
Motor patrol ditching Ditch mile 42.6 
Cleaning minor drainage 

structures Structures 4.8 
Other Man hours 1.0 

Bridges 
Bridge repairing Man hours 1.0 
Bridge deck patching Square feet 1.3 

Traffic control 
Subdistrict sign maintenance Man hours 1.0 
Painting pavement messages 

and special markings Man hours 1.0 
Guardrail maintenance Linear feet 2.0 
Other Man hours 1.0 

Winter and emergency 
Emergency maintenance Man hours J.O 
Stockpiling winter materials Man hours 1.0 
Other Man hours 1.0 

Public service 
Roadside park, rest area, and 

weigh station maintenance Man hours 1.0 
Work for state institutions Man hours 1.0 
Full-width litter pickup Right-of-way 3.7 

• miles of pass 
Spot litter pickup Man hours 1.0 
Roadway cleaning Man hours 1.0 
Other Man hours 1.0 

Other 
Materials handling and storage Man hours 1.0 
Detour majntenance Man hours 1.0 
Other support activities Man hours 1.0 
Special maintenance Man hours 1.0 
Special maintenance Man hours 1.0 
Special maintenance Man hours 1.0 

aAJL costs are based on 1981-1982 prices. 
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gallons per hour. Production of other equipment 
types was measured by number of miles or hours. 

RESULTS OF THE STUDY 

Resource requirements for each routine maintenance 
activity in terms of materials, labor, and equipment 
were analyzed. In this effort three categories of 
information were developed: 

1. The type of each resource element used in 

Cost per Man Hour• 

Material Fuel Total 

2.1 0.8 8.7 
5.2 1.4 12.8 
8.3 1.2 15.6 

21.0 2.6 29.7 

4 .2 1.1 11.6 
4 .1 I. I 11.0 
2.2 3. 1 11.4 

3.4 1.4 10_8 
0.0 2. 1 8.1 
0.0 2.3 8.5 

14.7 2.7 23. 5 
0.05 0.7 6.7 
4.5 0.7 11.0 

0.0 1.1 6 .9 
0.0 1.0 7.0 

15.9 1.1 22.9 
0.3 0.3 6. 5 

0.0 1.3 7.4 
0.0 1.6 7.6 
0.0 1.1 7.0 
7.2 0.6 13.5 
0.0 1.3 7.2 

0.0 1.7 6.9 

0.0 0.5 6.4 
11.5 1 4 18.9 

0.0 2.2 8.4 

0.0 1.2 7.2 
5.4 1.0 12.3 

2. 1 0 .7 9.0 
0.4 1.2 7.4 

6. 1 1.3 13.6 

2.9 0.9 9.8 
3.3 0 .9 10.2 
0.0 1.4 7.3 

I.I 1.3 8.5 
0.0 1.2 6.9 
0.2 0.6 6 .7 

O:O 0.8 6.4 
4.7 0 .8 11.3 
0.0 0.5 6.2 

0.0 l. I 6.8 
o.o J. l 5.7 
0 .0 0.6 6.3 

0.0 3.6 9.6 
0.0 1.0 7. 1 
0.0 2.7 8.8 

38.8 2 .2 47 . 1 
9.6 0.8 16.7 

16.0 2.4 24. 7 
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each activity, for example, the type of materials or 
equipment that has been found to be used in the 
field in accomplishing an activity; 

2. The frequency of use of each resource element 
when employed in an activity {use factor) {for ex­
ample, a use factor of 0. 5 means that the corres­
ponding resource element is used 50 percent of the 
time) i and 

3. The rate of consumption of each resource ele­
ment when used in an activity, for example, the num­
ber of units of a certain material required to pro­
duce one production unit of an activity. Man hours 
required to produce one production unit of an activ­
ity is used as the rate of consumption of the labor 
resources. The rate of consumption associated with 
equipment may be the number of gallons consumed by 
this equipment to produce o,ne production unit of an 
activity or it may be given in terms of number of 
miles per gallon or gallons per hour consumed when 
this equipment is used. 

Activity-Material Interactions 

The frequency of use {use factor) was defined as 
follows: 

where 

(!) 

use factor of material i in activity j, 
total number of times material i was used in 
all jobs of activity j, and 
total number of jobs of activity j. 

The rate of consumption of a particular material 
to produce one unit of an activity was defined in 
terms of quantity. These rates were calculated as 
follows: 

where 

(2) 

rate of consumption of material i when used 
in activity j, 
total number of units of material i used in 
activity j, and 
total number of units produced of activ­
ity j. 

The average material cost per production unit of 
an activity was estimated from the following: 

where 

(3) 

average material cost to produce a unit of 
activity j, 
use factor, 
rate of consumption, and 
unit cost of material j {in 1982 dollars). 

Activity-Labor Interactions 

As stated earlier, six labor categories were found 
to be used in maintenance activities. The frequency 
of use {use factor) of each category in each activ­
ity was given the value 1 or zero. A value of 1 was 
given if the category was included in the corres­
ponding activity and the value of zero if not. 
Finally, the rate of consumption was determined in 
terms of number of workers in each labor category 
required to accomplish an activity and in terms of 
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number of man hours needed for one production unit 
of an activity. 

Activity-Equipment Interactions 

One of the major thrusts of this study was to pro­
vide the maintenance division of !OOH with reliable 
information concerning equipment fuel consumption. 
The information is expected to provide the necessary 
background for developing new standards for equip­
ment costs. The subsequent discussion in this paper 
will focus only on fuel-consuming equipment types. 

The computation of the use factor of a piece of 
equipment in an activity was similar to the pro­
cedure expressed in Equation 1. 

Two rates of consumption were considered. The 
first is the number of gallons of fuel consumed by a 
piece of equipment to produce one production unit of 
an activity. This rate was employed directly to 
calculate the average fuel cost per production unit. 

The second rate is concerned with the operational 
aspect of the equipment. Miles per gallon or gal­
lons per hour are conveniently used for this pur­
pose. The results showed considerable variation 
between different equipment-activity combinations. 
That is, not only do different equipment types have 
different rates of consumption but also the consump­
tion rates for the same equipment type may vary con­
siderably when the equipment is used in different 
activities. These rates were calculated by using 
the same procedure presented in Equation 2. 

Equation 3 was employed to calculate average fuel 
cost per production unit of an activity. 

RESOURCE COST ANALYSIS 

Number of man hours, material quantities, and number 
of gallons of fuel consumed by maintenance equipment 
types were estimated for each routine maintenance 
activity. These data were then used to estimate the 
cost of each of the resource elements to perform one 
production unit of each activity. In Table 1, a 
comparison of resource consumption by different 
activities is shown. Man hours was chosen as a com­
mon unit for this comparison. On this basis, full­
width shoulder sealing, reconditioning unpaved 
shoulders, and herbicide treating are the most 
material-consuming activities. On the other hand, 
cutting relief joints, materials handling and stor­
age, and other support activities are the most fuel­
consuming activities. 

Statistical tests showed that the average rates 
of consumption of labor, materials, and fuel are 
significantly different from one location {subdis­
trict) to another. 

IMPLICATION OF RESULTS 

The detailed information on resource requirements 
for various maintenance activities can be used for a 
systematic evaluation of areas in which cost and 
energy savings can be achieved. For example, the 
variability of fuel consumption between different 
equipment-activity combinations observed in this 
study indicates that considerable savings can be ob­
tained through better management of• equipment. An 
illustration is activity 272 {roadside park, rest 
area, and weigh station maintenance). The current 
standards specify that a dump truck be used for this 
activity. However, the field observations made in 
this study indicated that a dump trick was used in 
only 50 percent of the jobs, whereas a flatbed truck 
was used in the other 50 percent. 

The average number of gallons consumed by a flat­
bed truck to produce one production unit of activity 
272 is 0.5, whereas 0.25 gal is consumed by a dump 
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truck for the same purpose. It is clear that 0. 25 
gal could have been saved per producti~n 11nit each 
time a flatbed truck was used instead of a dump 
truck. Considering the total production for activ­
ity 272 in 1981 (21,056 man hours), about 2,600 gal 
could have been saved during fiscal year 1981. 
Similarly it was found that an extra 5,908 gal was 
consumed as a result of using a dump truck in 18 
percent of all jobs of activity 276 (spot litter 
pickup), whereas a pickup truck could have been used 
in the operation of this activity. 

These examples were two of many cases in which 
the actual frequencies of equipment use deviated 
from IDOH standards. The savings mentioned are 
based on these deviations. However, the deviation 
observed might have been caused by the inherent 
nature of the jobs performed. In this case the cur­
rent equipment use standards may be updated to com­
ply with the actual field requirement and to help in 
better monitoring and evaluation of field work. 
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Determining Maintenance Needs of County Roads and 
City Streets 

WES WELLS 

Two types of street and road maintenance needs in the San Francisco Bay Area 
are documented : ongoing maintenance, or what is necessary on an annual basis 
to keep roads in adequate condition, and backlog costs, or what is necessary to 
bring roads back to adequate condition that had deteriorated due to deferred 
maintenance. Estimates of need for both types of maintenance are then com­
pared with actual expenditures for the Bay Area's 9 counties and 92 cities to 
determine funding shortfalls. It was found that the local road system was not 
being adequately protected. Ongoing maintenance expenditures only covered 
about 60 percent of what was needed. Seventy-five percent of the shortfall was 
in preventive maintenance. This deferral of maintenance had led to a backlog 
of road deterioration by which 20 percent of the roads were classified as being 
in fair to poor condition. These findings led to three major recommendations: 
maintenance practices needed to be improved, the problem needed to be com­
municated to the public, and more revenue was required . Significant steps have 
subsequently been initiated for all three types of maintenance. A simple and 
straightforward method of measurino need is presented, not to generate project­
level decisions but to provide ballpark estimates of aggregate revenue require­
ments. The methodological and technical study was extended to an action pro­
gram to carry out the three recommendations. Popular summary reports, a 
slide show, legislative principles, and actions to improve maintenance practices 
have all been subsequently developed. 

The San Francisco Bay Area includes roughly 5 mil­
lion of California's 23 million people in 9 counties 
and 92 cities. The largest cities are San Jose in 
the South Bay, Oakland and Berkeley in the East Bay, 

and San Francisco in the West Bay. These four 
cities had dominated the Bay Area, sustaining almost 
70 percent of the region's population through 1940. 
By contrast, the four northern counties have had the 
bulk of their growth occur in the last 30 years. 
Santa Clara County, in the south, has increased its 
population by 50 percent in just the last two de­
cades. 

The Bay Area has more than 17, 000 miles of city 
streets and county roads. This represents more than 
92 percent of all roads in the region after the 
1,400 miles of state highways are included. Roughly 
one-fourth of the local system is contained in Santa 
Clara; another one-fourth in the four northern coun­
ties of Marin, Napa, Solano, and Sonoma; and the re­
mainder in the four central counties of Alameda, 
Contra Costa, San Mateo, and San Francisco. 

FINANCING LOCAL STREETS AND ROADS 

Since 1963 Californians have been taxed 7 cents per 
gallon of gasoline. Roughly half of this amount is 
returned to cities and counties to be used for 
streets and roads. About one-third of total reve­
nues comes from the gasoline tax, another one-fourth 
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from cities' general funds, and the remainder from a 
variety of smaller sources. 

Several factors have affected these revenues in 
recent years, all in a negative direction. Most im­
portant, the tax rate has not changed in 20 years. 
In addition, the distribution formula by which the 
local portion of the 7-cent/gal tax is allocated has 
also not changed in 20 years: the formula did not 
anticipate the tremendous shift in population in the 
1950s, 1960s, and 1970s into cities, which nega­
tively affected the cities to an even greater 
extent. Gasoline tax revenues have also been declin­
ing since FY 1978-1979 as California gasoline con­
sumption dropped from 11.9 billion gal that year to 
11. 3 billion the next. This trend is projected to 
continue. Finally, in 1978 California taxpayers 
greatly curtailed prope'tty taxes and their rate of 
increase, which significantly reduced cities' gen­
eral funds. 

With the funding scenario just noted, significant 
pressure was placed on California legislators to 
help solve the funding shortage. However, no study 
had been done that attempted to specifically measure 
maintenance requirements in dollars and then compare 
these required costs against what was actually being 
spent. 

In 1981 the California Legislature responded to 
the concerns being raised by introducing a bill to 
increase the gasoline tax by 2 cents/gal: 1 cent/gal 
was to come back to local jurisdictions for their 
road systems. This bill served as the catalyst in 
the mobilization of Bay Area public works directors 
both to support the bill and to actually document 
the real magnitude of the local street and road 
maintenance need. This effort led the Metropolitan 
Transportation Commission (MTC), in conjunction with 
other public works and engineering officials, to 
initiate the study discussed here. The purpose was 
threefold: to develop for the public and the legis­
lature accurate information on local street and road 
conditions, including current and projected mainte­
nance revenues and expenditures: to define ongoing 
and backlog maintenance requirements: and to provide 
a realistic assessment of the problem together with 

' funding requirements. 

STUDY APPROACH AND DESIGN 

Major Analytic Tools 

In order to determine what was being spent for road 
maintenance, what ought to be spent, and the resul­
tant revenue gap or shortfall, it was necessary to 
acquire information from two major sources and to 
develop and cost a preventive maintenance program. 
A questionnaire was necessary to measure both what 
jurisdictions were currently spending for road main­
tenance and what they thought they should be sp1mil­
ing. The questionnaire also measured existing 
street areas by functional type and existing preven­
tive treatments and cycles and identified major 
revenue sources. 

A pavement condition survey (PCS) was required in 
order to measure actual backlog costs. The intent 
of the survey was to develop reasonable estimates of 
the extent of road deterioration in sufficient jur­
isdictions to permit ballpark estimates of county 
and regional backlog costs. Six types of distress 
were recorded after visual inspection of pavements: 
transverse , longitudinal, and alligator crack i ng as 
well as raveling, maintenance patching, and rut­
ting. Inspectors also recommended corrective treat­
ments, if necessary, ranging from routine spot re­
pairs through restoration. 

In order to measure cyclical maintenance needs, a 
treatment process needed to be defined that would 
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keep roads adequately maintained, much like the 
scheduled maintenance for an automobile. A standard 
process was developed for arterials, collectors, and 
local access roads. For arterials, a slurry or chip 
seal without a fabric interlayer is applied in the 
7th, 21st, and 35th year. A 1.5-in. overlay with 
fabric is applied in the 14th and 28th years. · And 
finally the arterial is restored in its 42nd year. 
Similar processes were developed for collectors and 
local access but with much longer life cycles, 63 
and 105 years, respectively. 

The standardized maintenance cycle was then ap­
plied to the inventory of the reg ion's streets and 
roads. The estimated age of the streets and roads 
was used to determine the required treatment. In 
this way the actual cyclical maintenance costs in 
any one year could be calculated. 
modifying the actual treatments or 
ternative cyclical strategies and 
costs were analyzed. 

In addition, by 
the cycles, al­

their associated 

To facilitate t he development of the question­
naire, the survey, and the cyclical treatment pro­
cess, a technical advisory committee was estab­
lished. This 24-member group was composed primarily 
of public works directors and local engineers knowl­
edgeable in road maintenance. Besides helping to 
design the three major analytic tools just dis­
cussed, this group proved invaluable as a catalyst 
for the participation of other local departments in 
the data-gathering efforts. The working knowledge 
of the committee on how road description data, 
cyclical treatment programs, and maintenance revenue 
and expenditure data were recorded enabled the ques­
tionnaire to closely reflect local information files. 

In order to accurately document the total road 
maintenance needs of Bay Area jurisdictions, it was 
necessary to measure both backlog and ongoing main­
tenance needs. 

Backlog Maintenance Needs 

To determine backlog maintenance needs, information 
from three major sources was required. 

Actual Measurement of Pavement Condition 

The PCSs were conducted in 11 Bay Area cities and 
counties. In all more than 7, 200 street segments 
representing more than 1, 500 miles of local roads 
were sampled. MTC handled all data processing. 
Traini ng classes were conducted in early April 
1981. All participating jurisdictions had returned 
their completed forms by the end of May. 

A pavement condition index (PCI) was calculated 
by using the extent and severity of pavement dis­
tress scores from the six distress types. The range 
of scores varied as follows depending on the extent 
(percentage of area exhibiting distress) and sever­
ity (none, slight, moderate, severe): 

1. Transverse cracking, 0-12; 
2. Longitudinal cracking, 0-20: 
3. Alligator cracking, 0-50: 

.4. Raveling or surface wear, 0-20: 
5. Patching or maintenance repair, 0-10; and 
6. Rutting or corrugations, 0-16. 

Therefore, the best possible PC! was zero and the 
worst possible was 128. 

Derivation of Recommended Maintenance Treatments 

The field surveyors also assigned one of nine pro­
posed maintenance treatments to each road segment. 
MTC, through an analysis of the initial correlation 
between PCI and recommended maintenance treatments, 
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was able to assign a specific maintenance treatment 
based on each segment's PCI. This tended to reduce 
variations across jurisdictions. The assignment 
process was roughly as follows: no treatment, PCI 
0-19i seal, PCI 20-39i overlay, PCI 40-69; and res­
toration, PCI 70+. 

Derivation of Costs for Corrective Treatments 

Costs were developed for each of the four major 
maintenance treatment categories based on the in­
dividual treatment costs developed by the technical 
committee. These estimates represented averages 
from current maintenance contracts. 

Ongoing Maintenance Needs 

To determine ongoing maintenance needs, information 
was needed on what was currently being spent and 
what ought to be spent. 

What Was Being Spent 

A questionnaire was sent to each of the Bay Area 
jurisdictions asking them to report actual and bud­
geted road maintenance expenditures. Sixty-four 
jurisdictions responded, representing all of the 9 
counties and 55 of the 92 cities. This represented 
all of the county road mileage and 87 percent of the 
city street mileage. Expenditures were broken down 
into four general maintenance categories: cyclical, 
e.g., preventive maintenance such as seals, over­
lays, and restoration; routine, e.g., patching and 
crack repair; nonpavement, e.g., lighting and clean­
ing; and other, e.g., special programs and adminis­
tration. 

What Ought To Be Spent 

The determination of desirable maintenance expendi­
tures was made in two ways. For the latter three 
categories (routine, nonpavement, and other), aver­
age reported costs per mile were ~alculated for each 
reporting jurisdiction. These were defined as ex­
penditures necessary for acceptable maintenance. 
These estimates are not based on standards and are 
therefore subject to the judgment of the public 
works directors. 

The determination of desirable expenditure for 
cyclical maintenance was based on the development 
and application of the standard preventive mainte­
nance treatment process. The MTC questionnaire 
asked jurisdictions to show the cyclical treatment 
techniques that they believed could be used to sus­
tain their streets and roads in acceptable condi­
tion. The average procedure was then modified by 
the technical committee to create a standard mainte­
nance cycle. 

The treatments were applied to miles of pavement 
as dictated by pavement age. This required an esti­
mate of pavement miles by functional class by year 
built. To determine required cyclical costs for 
1980, for example, the cyclical treatments had to be 
matched to the estimated miles of roads built in 
specific years. Because all treatments were applied 
in 7-year cycles, required treatments were matched 
to the estimate of miles of road built in 1903 (11th 
treatment, or a slurry or chip seal without fabric 
for arterials and collectors and a rejuvenating seal 
for local access), 1910 (10th treatment, or a thin 
overlay with fabric for arterials and local access 
and a rejuvenating seal for collectors) , and so on 
through the miles of road built in 1973, which would 
be receiving their first cyclical treatment. It is 
recognized that this process is highly idealized and 
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ignores such inevitable real-life factors as severe 
climate changes, changes in traffic loads, budgetary 
constraints, modifications to old roads, and the 
like. Nevertheless, order-of-magnitude cost deter­
minations are possible if this process is followed. 
More important, it permits the testing of modifica­
tions to this process such as extending the 7-year 
cycle to 10 years or substituting overlays for res­
toration. 

Calculation of Maintenance Shortfalls 

The ongoing maintenance shortfall represents the 
difference between what ought to be spent and what 
was actually being spent. The backlog maintenance 
shortfall represents the resultant costs calculated 
by applying the unit costs of the recommended main­
tenance for each surveyed road section multiplied by 
the square yards in each section. Because results 
were based on a 9 percent sample of all Bay Area 
segments, an extrapolation to the total 17,000-mile 
system was required. This resultant total cost was 
reduced by the required cyclical cost for that year 
to yield the backlog. 

ANALYSIS AND RESULTS 

Backlog Maintenance 

Eleven Bay Area jurisdictions surveyed the condition 
of their pavements. Based on 1,500 miles of streets 
and roads surveyed, 56 percent of the road area was 
recommended to receive no treatment, 24 percent to 
receive seals, 15 percent overlays, and 5 percent 
restoration. 

Maintenance backlogs for individual jurisdictions 
were converted to cost estimates and expanded to 
represent reg ion al shortfalls. The total Bay Area 
maintenance backlog was estimated to be between $300 
million and $500 million. 

To illustrate roughly how this backlog would es­
calate over the next few years as well as to even­
tually link the combined maintenance needs to a pro­
posed gasoline-tax increase, backlog costs were 
estimated through FY 1986-1987. The midrange of the 
regional estimate was used to simplify the illustra­
tion. A 10 percent inflation rate was added to this 
amount. In addition, because ongoing cyclical and 
routine shortfalls will become backlog costs, 85 
percent (the pavement-related portion) of the pro­
jected ongoing maintenance shortfall was also added. 
Results are shown in Table 1. The findings indicate 
that Bay Area roads are deteriorating at a more 
rapid rate than they are being repaired. To focus 
on the actual magnitude of this deferral of mainte­
nance, it was necessary to examine how jurisdictions 
are coping with the annual or ongoing maintenance 
needs. 

Ongo_ing Maintenance 

The previous section on study design indicated the 

Table 1. Backlog costs estimated through FY 1986-1987. 

Backlog ($000 OOOs) 

Fiscal 10 Percent Pavement-Related 
Year Initial Escalation Ongoing Shortfall Total Future 

1980-1981 400 40 99 539 
1982-1983 54 120 713 
1983-1984 71 148 932 
1984-1985 93 173 1,198 
1985-1986 120 185 1,503 
1986-1987 150 205 1,858 
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Table 2. 1980-1981 Bay Area ongoing maintenance costs. 

1980-1981 Estimated 
Budgeted Essential 

Maintenance Expenditure Need Shortfall 
Category ($000 OOOs) ($000 OOOs) ($000 OOOs) 

Cyclical 42 118" 76 
Routine 30 40 10 
Nonpavement 
Street lighting 29 33 4 
Traffic safety 17 19 2 
Street cleaning 10 13 3 
Landscaping 11 15 4 
Miscellaneous 10 10 0 

Other (adminis- 18 20 2 
trative) 
Total 167 268 101 

aEstimatcd by applying the standard cyclical maintenance treatment program ~ 
All other expenditures and needs are as reported on MTC's foventory and ad­
justed to average costs per mile for each line item~ 

method used to determine ongoing maintenance ex­
penditures and needs and resultant shortfalls. In 
Table 2 the results for the base year, FY 1980-1981, 
are summarized. 

Clearly the pavement-related categories are where 
the greatest shortfalls are occurring. Eighty-five 
percent of the $101 million shortfall occurs in 
these categories: 75 percent is in the important 
category of cyclical or preventive ma.intenance. Most 
of the nonpavement and other categories represent 
more of the fixed-cost type of expenditures, which 
are more difficult to cut back or defer in times of 
severe budget problems. 

As illustrated with backlog costs, the future in­
creases in maintenance shortfalls over those at­
tributable to inflation are significant. The same 
is true for future ongoing maintenance shortfalls. 
The FY 1980-1981 shortfall has been projected to FY 
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1986-1987 to illustrate the rapid escalation of the 
cyclical maintenance costs in millions of dollars. 
The base-year shortfall of $101 million more than 
doubles to $241 million. This is occurring pr i­
marily because many streets and roads are reaching 
an age in this decade where more expensive treat­
ments, e.g., overlays and restoration, are necessary. 

RECOMMENDATIONS 

The analysis and results discussed here have been 
published (!.,ll. Because of the magnitude of the 
deficits estimated in these reports, the technical 
study phase was extended in order to publicize the 
problem and work toward possible solutions. Toward 
this end 2,500 copies of a summary report were dis­
tributed, primarily to locally elected officials. A 
slide show was also prepared and presented to more 
than 50 groups in early 1982. Maintenance short­
falls were converted into gasoline-tax equivalents 
to illustr ate how much increase would be required. 
These efforts helped foster a movement in the Bay 
Area by which 48 of 58 cities in four counties en­
dorsed a 5-cent gasoline-tax increase to be placed 
on the ballot for voter approval. 
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Field Tests of Rapid Repair Methods for 
Bomb-Damaged Runways 

A.H. MEYER, D.W. FOWLER, AND B. FRANK McCULLOUGH 

Rapid repair of bomb-damaged runways is of vital concern to the U.S. Air 
Force. The results of field tests conducted under the direction of the Air Force 
Engineering and Services Center at Tyndall Air Force Base are presented. These 
tests were of various rapid rapair techniques that use methyl methacrylate 
(MMA) polymer concrete. This includes both user-formulated end commercially 
available MMA polymer concrete. Both spalls and craters were repaired. Full­
dP.pth pnlym•r-cnncrnt• (PC) r•pairs, at-grad• prnca•t unit•, and prncast unit• 
with PC caps are reported. The repairs were trafficked with both F-4 (27,000-
lb single wheel) and C-141 (144,000-lb dual-tandem wheel) load carts. All of 
the crater repairs performed satisfactorily as did most of the spall repairs, 
which demonstrated the feasibility of using PC methods for the rapid repair of 
bomb-damaged runways. 

The rapid repair of bomb-damaged runways is of vital 
concern to the U.S. Air Force. Airfield pavements 
must be repaired rapidly after attack so that air­
craft can be launched. Current repair procedures, 
specified in Air Force Regulation (AFR) 93-2 <!.l , 
are based on North Atlantic Treaty Organization 

(NATO) damage criteria, which require that three 
750-lb bomb craters be repaired in 4 hr. The repair 
procedures in AFR 93-2 include backfilling the 
crater with debris within 1 ft of the surface, re­
moving upheaved concrete, filling the top of the 
crater with select fill, and then the placing and 
anchoring metal matting over the surface of the 
backfilled crater. 

New developments in weapons technology have 
altered the repair criteria. The current threat 
includes many smaller weapons. As a result, instead 
of only a few large craters as envisioned in AFR 
93-2, the repair procedures must also be able to 
handle many small or medium-sized craters. 

The Air Force Engineering and Services Center is 
currently engaged in a research and development 
program to improve the rapid runway repair (RRR) 
capability. New materials and techniques are being 
investigated by the Engineering and Services Labora-
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tory at Tyndall Air Force Base. The objective of 
this study is to develop rapid repair techniques 
that use methyl methacrylate (MMA) polymer concrete, 
which has been successfully used for repair of high­
way structures (±_,_l). 

SPALL REPAIRS 

A series of 15 simulated spalls was made in the 
Tyndall research pavement. The section of pavement 
used consisted of a clay subgrade covered by 12 in. 
of portland-cement concrete (PCCJ overlaid with 4 
in. of asphalt-cement concrete (ACC). This pavement 
cross section is similar to that which exists at 
several U.S. Air Force bases. 

The series was made up of five sets of three 
spalls, each set having a small, medium, and large 
spall. Type A spalls were small, type B were medium, 
and type C were large (Figure 1). Three sets were 
repaired by using the user-formulated (UFJ system 
and an in-line mixing gun. From this series of 
tests, the concept of the in-line mixing gun was 
verified. This concept allows the chemicals to be 
mixed at the point of application and minimizes 
exposure of personnel to the chemicals. The tests 
also verified that debris can be used for at least 
part, if not all, of the aggregates required, pro­
vided some select material is available for finish­
ing. It should be noted that the debris used did 
not contain large chunks or a significant amount of 
asphaltic materials. 

CRATER REPAIRS 

Three methods of crater repair were tested at the 
pavement research facility at Tyndall Air Force 
Base. Three 20 x 20-ft test pits were prepared with 
clay as the base material. 

The first two crater repairs (pits 2 and 3) were 
made with precast slabs. The precast slabs were 
prepared from normal PCC. The slabs were nominally 

Figure 1. Typical spall repair sections. 
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6 x 6 ft square and of two thicknesses, 12 in. and B 
in. All slabs had concave keyways on all sides. 
All slabs were cast with quick-release lifting eyes 
and threaded drag eyes. Concrete was placed in the 
wooden forms, consolidated, and allowed to cure more 
than 28 days before use. 

The 6 x 6-ft size was selected to match the 20 x 
20-ft pit to be repaired. Using nine slabs in the 
repair area resulted in a gap of approximately 6 in. 
between slabs and edges for the polymer-concrete 
(PC) bonding material. The 12-in.-thick slabs 
weighed about 5,200 lb each, and the 8-in.-thick 
slabs weighed about 3,500 lb. Both of these weights 
were well within the handling capabilities of the 
front-end loaders, small cranes, and forklifts usu­
ally available at most bases. 

Pit 2 was repaired by using the at-grade precast 
slab method. The base of the pit was a clay layer 
some 21 in. below the grade surface. A 6-in. layer 
of crushed limestone was compacted over the clay, 
and a 3-in. sand leveling course was placed over the 
crushed limestone. Figure 2 gives a plan view and a 
cross section of pit 2. 

Pit 2 was then tested with the load cart; 150 
coverages of the F-4 load cart and 70 coverages of 
the C-141 load cart were used. A coverage is a 
function of the number of operations at full load, 
configuration of the wheels, and wander of the air­
craft. One coverage of the F-4 load cart is roughly 
equivalent to 50 passes of the aircraft and one 
coverage of the C-141 load cart is roughly equal to 
10 passes. The repair showed no visible signs of 
deterioration. The profile of the repair remained 
virtually unchanged from the beginning to the end of 
load-cart testing, and from the profile data the 
riding quality was excellent, because there was 
little change in elevation across the slab. 

Pit 3 was repaired by using a combination of the 
precast slab and the cap methods of repair. The 
base of the pit was a clay layer [California bearing 
ratio (CBR) = 4) covered with 6 in. of compacted, 

Figure 2. Pit 2. 
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crushed limestone. The 8-in. precast slabs were 
then placed on the crushed 1 imes tone. Polymer con­
crete was placed around and over the slabs to bring 
the repair to grade. The PC cap over the slab was 
nominally 2 in. thick (Figure 3). 

Pit 3 was load-cart tested in the same manner as 
pit 2, and analysis of the profile data revealed 
essentially no change in profile from beginning to 
end of load-cart tests. The profile data also il­
lustrate excellent riding quality in that the maxi­
mum change along any profile line was 0.09 ft (1.08 
in.) in 20 ft. 

Figure 3. Pit 3. 
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This method of repair offers some distinct ad­
vantages: 

1. The bulk of the surface layer (top 12 in.) of 
the repair is constructed of materials of known and 
controlled quality (the precast slabs) i 

2. The precast uni ts do not have to be aligned 
as required with the at-grade precast repair; and 

3. The method significantly reduces the volume 
of polymer concrete required compared with that for 
a full-depth PC repair. This lower volume reduces 
the storage time of chemicals with limited shelf 
lives. 

Pit 1 was repaired by using UF polymer concrete. 
The base of the pit was clay. The repair consisted 
of two parts; half of the PC cap was nominally 8 in. 
thick and half of the repair was nominally 5 in. 
thick (the actual average thickness was 4.5 in.). A 
cross section of pit 1 is shown in Figure 4. The 
clay under the 8-in. section had a CBR of 6, and the 
clay under the 5-in. section had a CBR of 3. 

The UF polymer concrete was placed in pit 1 by 
using the concrete mobile as in pit 3. After place ­
ment, the polymer concrete was screeded and 
finished. Thermocouple data from both the 5-in. and 
the 8-in. sections revealed expected values for both 
peak temperature (approximately 80 to 90°C) and time 
to peak exotherm (approximately 30 to 35 min). 

The repair was load-cart tested with 150 cover­
ages of the F-4 load cart and 70 coverages of the 
C-141 load cart. Analysis of the profile data re­
veals no significant changes in elevation from be­
ginning to end of load-cart testing. The average 
change in elevation is 0. 002 ft ( 0. 03 in.); the 
maximum difference at any location is 0.03 ft (0.4 
in.). Analysis of the profile lines reveals a maxi­
mum change of 0.08 ft (0.96 in.) in 20 ft. This 
indicate..1 that the riding quality would be adequate 
for air traffic. 

SUMMARY 

In summary the following conclusions can be stated: 

1. All repair methods and materials were ade­
quate for the load-cart tests performed, including 
the 4.5-in.-thick UF PC slab over the CBR 3 clay 
subgrade; 

2. Polymer concrete is structurally adequate for 
airfield pavement repairs; 

3. Regarding time and equipment requirements, 
the cap method is probably the most efficient if the 
concrete mobile is used and can be continuously 
available; and 

4. The UF PC system offers a distinct advantage 
in that the amount of chemicals can be adjusted to 
satisfy temperature demands in order to keep cure 
time relatively constant. 
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A Survey on the Use of Rapid-Setting Repair Materials 

D.W. FOWLER, GEORGE P. BEER, AND A.H. MEYER 

The current state of the art for rapid-setting materials used to repair concrete 
in Texas and selected other states is reviewed. Texas districts were surveyed 
for a listing of rapid-setting materials that they have used over the past 10 
years. Twenty-seven materials were reported. The districts also provided an 
evaluation of the materials based on their use in different types of repairs, 
cost, use in different climatic conditions, durability, bond to concrete, and 
appearance. Nine states were asked to provide the same information requested 
of districts; eight responses were received. Districts and states were also asked 
to provide a ranking of material characteristics and properties. 

Rapid-setting repair materials for portland-cement 
pavements and bridge decks are in great demand. The 
higher traffic volumes and the advancing age of many 
pavements and bridges have created serious mainte­
nance problems for state highway forces. 

A wide range of repair materials is available (_!, 
pp. 115-160). The materials have been categorized 
as portland cement, other chemical-setting cements, 
thermosetting materials, thermoplastics, calcium 
sulfate, bituminous materials, composites, and addi­
tives used to alter mix characteristics (~). 

Many different brands of materials are available, 
and considerable variation in properties is likely 
for each category from brand to brand. There is 
considerable variation in cost per unit weight, and 
the final in-place cost must take into account the 
ratio of binder to aggregate. Some materials are 
designed for temporary repairs and others are de­
signed for permanent repairs. Some are to be used 
in limited ambient temperature ranges, and some 
cannot be used in wet weather. Some can be used at 
feathered edges, but most require a chipped or saw­
cut boundary. 

There is a pressing need for information on which 
to base selection of rapid-setting materials for 
different applications. However, there is a serious 
lack of reliable information from manufacturers and 
users. Mechanical and durability properties, when 
available from the manufacturer, are often given 
without reference to the test methods. The continu­
ing introduction of new products and the modifica­
tion of old ones makes evaluation and selection more 
difficult. There has been a paucity of performance 
information from users. 

SCOPE OF STUDY 

A research study was begun in September 1981 with 
the following objectives: identify candidate mate­
rials, evaluate selected materials in the labora­
tory, determine optimum placement methods, test 
materials and methods in the field, and disseminate 
results. The first part of this study, a survey of 
the Texas State Department of Highways and Public 
Transportation (SDHPT) and transportation depart-

ments of selected states to determine their experi­
ence with rapid-setting repair materials, is sum­
marized here. No attempt is made in this paper to 
recommend materials. Future research in this study 
will provide a basis for methods of evaluation of 
rapid-setting materials. 

USE OF RAPID-SETTING REPAIR MATERIALS IN TEXAS 

Many rapid-setting repair materials have been used 
by SDHPT. Most districts have used one or more of 
these materials to repair concrete. The Materials 
and Tests Division (D-9) has tested many of the 
materials used by the districts. Each district was 
asked to provide information on the use of rapid­
setting materials and D-9 was asked to provide spec­
ifications and test results on materials tested. 
Theit response is summarized in this paper. 

Survey of Districts 

Each SDHPT district in Texas was sent a question­
naire to obtain their experience with rapid-setting 
repair materials. The questionnaire, which is in­
cluded in a report by Fowler et al. (~) , asked for 
(a) a ranking of characteristics and mechanical 
properties of repair materials in order of perfor­
mance and (b) for each repair material used, the 
volume per year, relative performance for different 
types of repairs and weather conditions, appeal to 
workers, and relative appearance. All but four 
districts responded to the survey. The materials 
and their respective ratings by the districts are 
summarized in this section. The rankings of charac­
teristics and mechanical properties are given later 
in this paper. 

Materials Used 

Table 1 summarizes by district the use of rapid-set­
ting materials. All materials reported are shown. 
The amount, if any, indicated by each district is 
shown by a symbol representing the range of the 
amount in pounds per year. The absence of a symbol 
indicates that no use of the material was reported 
by a district. The questionnaire asked for all 
materials used in the past 10 yearsi 27 materials 
were reported. 

Evaluation of Use and Performance of Materials 

Districts were asked to rank the materials on a 
scale from 1 to 5, in which 5 indicated highest or 
best, for performance in different types of repairs; 
costi mixing, placing, and finishing; durability; 
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Table 1. Materials used in districts. 
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4 c 
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12 
13 c A c c 
15 x A x 
16 B A 

17 A 
13 x A A c B c c 
19 B 
2,0 B B 

22 
23 A A 

25 A A A ---
26 B c c c 

Legend: A: 10 to 1000 lb ; B: 1000 to 25,000 lb ; C: More than 25,000 lb X: Amount not reported 

aQuestionnaires not received from Districts 6, 14, 21, and 24 

buT Polymer Concrete is material developed by Center for Transportation Research 

appeal to workers; bond to concrete; and appearance. 
Table 2 summarizes the evaluation. The numerical 
rating is an average of the ratings provided by each 
district and is not weighted for the amount of mate­
rial. From Table 1 the quantities of each material 
can be determined. It should be noted that the 
evaluations for materials that have been used only 
in small quantities by one or two districts may not 
be meaningful. 

OTHER STATES' EXPERIENCE WITH RAPID-SETTING 
MATERIALS 

Questionnaires similar to those sent to districts 
were sent to nine states. Most states did not pro­
vide an evaluation of materials. Some provided 
Specifications, lists of approved materials, or 
general comments. A summary of the responses . of 
each of the states is given in the following. 

California 

California had one of its 11 highway districts fill 
out the material evaluation questionnaire. They 
reported using three materials for bridge-deck 
spalls: Set 45, Horn 240, and Fondu calcium alumi­
nate (C3A). Table 3 is a summary of California 
material evaluations. 

Florida 

Florida is currently in the process of evaluating 
five rapid-setting materials; final acceptance or 
rejection of these products has not yet been made. 

Georgia 

Georgia has used seven rapid-setting repair mate­
rials. Limited testing has been performed on these 
materials; Table 4 presents Georgia's evaluation. 

Iowa has no special provisions for repairs of pave­
ments and bridges except to use concretes with high 
cement contents and to use calcium chloride as an 
accelerator. 

Kansas has no standard practice for rapid repairs of 
pavements or bridge decks. It has tested many mate­
rials but none has proved entirely satisfactory. 

New York 

New York currently uses epoxies for repair of pave­
ments and bridge decks. The New York State Depart­
ment of Transportation specifications cover the 
details of repairs and epoxies. New York also has 
made some repairs with polymer concrete, which is 
covered by a special specification. The Highway 
Maintenance Division also has a list of approved 
products for repairs of pavements and structures (}) • 

Oregon does not have a standard practice for rapid 
repair of pavements and bridge decks. It reports 
the use of five separate repair materials, of which 
a summary is given in Table 5. 

Pennsylvania 

Pennsylvania currently uses a broad range of mate­
rials for repair of bridge decks and pavements. It 
uses epoxy mortars, polymer concretes, polymer-modi­
fied mortars, and magnesia phosphate. These products 
are covered in the Pennsylvania Department of Trans­
portation specification for rapid-setting repair 
matetials. The Pennsylvania Department of Transpor-
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lable 2. Summary of material evaluations. 
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evaluations are based on a suhjective scale of 1 to 5 with 5 representin~ the best performance or highest 
cost 

aNR indicates no r esponse 

Table .3. Evaluation of rapid·s~tting materials by the state of California. 

Mixing, Placing 
and Finishing 

Bridge use 
Usage Deck Normal Low High in Wet 

Material lb /yr Spalls Cost Temp Temp Temp Weather 

Fontlu 15, 000 3.0 3 .0 ti .0 5.0 3.0 NR 
c

3
A 

HC)rn 10 , 000 
240a 

5 . 0 4.0 4.0 5.0 2.0 NR 

Set 45 25,000 4.0 3.0 4.0 5.0 3.0 NR 

• Same as Darex 240 

tation also has a list of approved commercial rapid­
setting materials (_1) • 

DESIRED CHARACTERISTICS AND MECHANICAL PROPERTIES 

Bond to Concrete 
Appeal 

to Horizontal Vertical Appear-
Durability Workers Surface Surface a nee 

3 .0 3.0 3.0 NR 2.0 

4.0 NR 5.0 NR 4.0 

4.0 4.0 4.0 NR 5 .0 

Characteristics: 

1. Setting time; 
2. Performance (durability); 
3. Working time; 
4. Ease of mixing, placing, and finishing; 
s. Use over wide temperature range; 
6, Use in wet weather; 
7. Cost; 
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Districts and other states were asked to rank char­
acteristics and mechanical properties of rapid-set­
ting repair materials. Eight cparacteristics and 
eight properties were listed, and other items could 
be added. 8. Similarity to color of adjacent concrete; and 

Response of Districts 

The ranking of characteristics and properties by 
districts is as follows: 

9. Availability. 

Properties: 

1. Bond strength to concrete, 
2. Flexural strength, 
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Table 4. Evaluatlon of rapid-setting materials by the state of Georgia. 

Mixing, Placing Bond to 
Cost and Finishing Surface 
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Duracal 10,000 NR 3.0 NR 2.0 NR 3.0 3.0 3.0 3.0 3.0 2.0 4.0 2.0 1.0 3.0 

Epoxy NR 2.0 3.0 NR 2.0 3.0 5.0 2.0 2.0 1.0 2.0 3.0 1.0 4.0 4.0 NR 

Horn 240 1,000 NR NR NR 4.0 NR 4.0 3.0 4.0 1.0 1.0 4.0 3.0 3.0 3.0 3.0 

Polymer 10,000 NR 3.0 NR 4.0 NR 5.0 3.0 3.0 2.0 1.0 5.0 2.0 4.0 4.0 4.0 
Concrete 

Roadpatch 1,500 NR NR NR 4.0 NR 3.0 3.0 2.0 1.0 3.0 3.0 3.0 3.0 3.0 3.0 

Set 45 100,000 NR NR NR 3.0 NR 4.0 3.0 5.0 1.0 1.0 2.0 .2.0 2.0 2.0 3.0 

Speed Crete NR NR NR NR 1.0 NR 2.0 3.0 2.0 2.0 3.0 1.0 3.0 1.0 1.0 3.0 

Table 5. Evaluation of rapid-setting m~rials by the •- of Oregon. 

Mixing, Placing Bond to 
Type of Repairs and Finishing Concrete Cost 
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Concreasive 2020 NR 5.0 NR NR NR 5.0 5.0 3.0 
Polymer 

Crylcon NR 5.0 NR NR NR 5.0 5.0 3.0 

Niklepoxy Product NR 4.0 NR 1.0 NR NR 4.0 2.0 
#4 

!)>pe III Portland NR 4.0 NR 3.0 NR NR 3.0 3.0 
ctent~C8?§or 
Set 45 NR 2.0 NR 2.0 NR NR 5.0 2.0 

3. Shrinkage,· 
4. Compressive strength, 
5. Ductility, 
6. Wear resistance, 
7. Coefficient of thermal expansion, and 
8. Stiffness (modulus of elasticity). 

Setting time, performance (durability), and working 
time were rated the top three characteristics. Bonn 
strength to concrete, flexural strength, and shrink­
age were rated the top three mechanical properties. 

Response of Other States 

The ranking of characteristics and properties by 
other states is as follows: 

Characteristics: 

1. Performance (durability) i 
2. Ease of mixing, placing, and finishingi 
3. Costi 
4. Setting timei 
5. Working timei 
6. Use over wide temperature rangei and 
7. Use in wet weather and similarity to color of 

adjacent concrete (tie). 
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2.0 1.0 5.0 5.0 5.0 5.0 5.0 5.0 

2.0 1.0 5.0 5.0 5.0 5.0 5.0 5.0 

2.0 1.0 4.0 3.0 4.0 4.0 3.0 5.0 

3.0 2.0 5.0 3.0 4.0 2.0 5.0 1.0 

2.0 3.0 2.0 3.0 3.0 2.0 3.0 3.0 

Properties: 

1. Bond strength to concrete, 
2. Compressive strength, 
3. Shrinkage, 
4. Flexural strength and coefficient of thermal 

expansion (tie) , 
5. Wear resistance, 
6. Ductility, and 
7. Stiffness (modulus of elasticity). 

Other states ranked performance (durability), ease 
of mixing and placing, and cost as the top three 
characteristics. The top three mechanical properties 
were bond strength to concrete, compressive 
strength, and shrinkage. The states ranked the same 
four mechanical properties at the top of the list as 
the districts did, although the order was slightly 
different. 

CONCLUSIONS 

There is an urgent need for dependable rapid-setting 
materials for the repair of concrete pavements and 
bridge decks. Many types and brands are currently 
available, but the selection of an appropriate mate­
rial is complicated by the lack of reliable data 
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from manufacturers and users. There is no standard 
evaluation procedure for these materials. 

All of the SDHPT districts in Texas were surveyed 
to determine their experience and evaluation of 
rapid-setting repair materials. Quantities of each 
repair material used per year were obtained. Evalua­
tions of each material were made on the basis of 
types of repair, cost, climatic conditions, durabil­
ity, bond to concrete, and appearance. Considerable 
variation was noted for the 27 materials reported. 

Other selected states were surveyed to determine 
their current experience. Six of the eight states 
responding listed specific materials that were cur­
rently being used. Three states provided an evalua­
tion similar to that provided by the SDHPT districts. 

The SDHPT districts provided a· priority order for 
characteristics and mechanical properties. Setting 
time, performance (durability), and working time 
were ranked as the top three characteristics, where­
as bond strength to concrete, flexural strength, and 
shrinkage were rated the top three mechanical prop­
erties. 

The survey of the other states indicated perfor­
mance (durability); ease of m1x1ng, placing, and 
finishing; and cost as the top three character is­
tics. Bond strength to concrete, compressive 
strength, and shrinkage were given as the top me­
chanical properties. 

RECOMMENDATIONS 

It is recommended that further research be conducted 
to establish appropriate evaluation procedures for 
rapid-setting repair materials, evaluate the most 
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common materials, and determine the field test per­
formance of different types of repairs. 
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Design of Polymer-Concrete Runway Repairs 
B. FRANK McCULLOUGH, A.H. MEYER, AND D.W. FOWLER 

Portland-cement-concrete airfield pavements with polymer-concrete (PC) re­
pairs were analytically modeled to develop design criteria for determining the 
required repair thickness. A previously developed computer program for 
analyzing discontinuous orthotropic plates and pavement slabs was used to 
analyze the pavement. Two representative aircraft, the F-4 and the C·141, 
were used. Different repair sizes, support values, and runway thicknesses were 
tested. A sensitivity analysis was performed to determine which variables have 
the greatest effect on the stresses. For the purpose of developing design charts, 
the critical positions of the wheel loads for the different size repairs were 
found. The magnitude of the existing runway support (K-value) outside the 
repair section was found to have little effect on the stresses in the PC repair, 
although the existing runway thickness did. Because of the emergency nature 
of the repairs, the repair support values and thicknesses may be significantly 
different from those for the existing pavement. Consequently, these values have 
a significant impact on the repair results. Design charts were prepared that 
give the flexural stress as a function of repair thickness for three repair sizes, 
two repair support values, and two runway thicknesses. The allowable stress 
level for the polymer concrete has been reduced for the number of loading 
repetitions. 

The U.S. Air Force, through the University of Texas, 
has recently studied the rapid repair of runways by 
using polymer-concrete (PC) materials (.!,) • In some 
cases a section of a runway can be partitioned off 
and rapid repairs made so that the field can con­
tinue to serve its functional purposes. The results 
of this study are believed to be applicable to all 
runway types and thus the information is presented 

to add to the status of knowledge. In this paper 
the primary concern is the design aspects; for the 
material properties, see the papers by Meyer et al. 
and Fowler et al. in this Record. 

Polymer concrete has been shown to be ao effec­
tive material for rapid repair of bridge decks, 
pavements, and runways. PC materials consist of ag­
gregate with a polymer binder instead of portland 
cement. Polymer conqrete made with methyl methacry­
late develops a strength of 6, 000 psi in 1 hr or 
less (almost the ultimate value), is more ductile 
than portland-cement concrete (PCC) , and bonds well 
to normal concrete. 

In this paper the mechanistic modeling of con­
crete pavements with PC repairs is described to de­
velop criteria for determining repair thicknesses. 
The behavior of the repairs was predicted for a wide 
range of support and loading conditions expected at 
North Atlantic Treaty Organization (NATO) bases in 
Europe. Then field tests were made at Tyndall Air 
Force Base in Florida to experimentally verify the 
boundary conditions on the charts. Design charts 
are presented for quickly determining the thickness 
of repairs required for the anticipated conditions. 

It is essential in any analytical approach that 
techniques be used to properly model the load, geom­
etry, and~ material properties to reliably predict 
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the stresses in the pavement. In this study the 
SLAB 49 program developed by Matlock and Hudson for 
problems such as this !1l was used for developing 
the design charts. 

Figure 1 presents a plan view and a longitudinal 
cross section of a runway pavement slab containing a 
repair section. A typical slab, 24 x 36 ft, was 
selected for study. In previous studies this size 
has been found to be adequate for studying the 
stress and deflection distribution for aircraft 
loadings. In this study the F-4 and C-141 were se­
lected as the representative aircraft. 

For the PC patches, three sizes were s elected: 
5 x 5 ft, 17 x 17 ft, and 24 x 36 ft. A preliminary 
study indicated that the shape would have only a 
minor influence on the stresses (less than 1 per­
cent) except for extreme conditions. The thickness 
of the PC repair ranged from 5 to 10 in. in 0.5-in. 
increments. The support values selected were 50, 
100, 200, and 300 pci; 50 pci represents a backfill 
with a minimum compaction. These values were guide­
lines provided by the U.S. Air Force based on previ­
ous testing. 

For the existing PCC pavement, thicknesses of B, 
12, and 16 in. were considered. The support values 
sel ected were 100, 300, and 500 pc i. 

The following parameters were held constant in 
the study based on extensive laboratory tests con­
ducted as a part of this study and reported else­
where (.!_, paper by Meyer et al. in this Record): 

Ere = 2 x 106 psi (! ) 

Vpc = 0.30 (2) 

Ercc = 4 x 106 psi (3) 

Vpcc = 0 .15 (4) 

where Epc and Ei>cc are the moduli of polymer 
concrete and portland-cement concrete, respectively, 
and vpc and vpcc are the Poisson ratios for 
the same materials. 

Figure 1. Runway repair plan and section. 
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Figure 2 shows a footprint of the gear configura­
tions of both aircraft with the weights and the tire 
pressures. Previous investigations have indicated 
that the stress will vary depending on the placement 
of the wheel relative to the edge, corner, and in­
terior <1>· Figure 3 shows the slab loading condi­
tions expected in the field for the various aircraft 
types and repair conditions. Basically the condi­
tions range from an interior location, represented 
by position 1, to a corner-edge condition, repre-

Figure 2. Aircraft load and gear configuration. 
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sented by position 6. The maximum flexural stress 
beneath the gear must be determined for all the fac­
tors considered to ascertain the critical condi­
tion. For the C-141 aircraft, the load placements 
for positions 1, 2, and 3 were varied slightly, as 
shown in Figure 4, because the tire-gear configura­
tion was tandem. For one placement the front wheels 
were placed directly on the repair-section center­
line, and for the other position the center of the 
gear was placed at the center of the repair, as 
shown in Figure 4. 

SENSITIVITY STUDY OF VARIABLES 

The nature of this study presented a wide range of 
conditions for investigation, and as the study pro­
gressed, it was obvious that some of the variables 
had no significant influence on the results. These 
factors are discussed briefly to provide background 
for the reasons that some variables are not consid­
ered in the analysis. 

The presence or absence of the nose gear did not 
significantly influence the maximum stress condi­
tions; this may be attributed to the wheel-base dis­
tances of 279 and 636 in. for the F-4 and the C-141, 
respectively. For most of the calculations, the 
nose gear was not considered. In addition, the max­
imum stress was not influenced by the adjacent gear 
because the wheel-tread distances were 210 and 215 
in., respectively. The stresses, given in the next 
section, result from studies on one gear and thus 
would not be different if the entire confiquration 
had been considered. 

Considering the horizontal position of the gear, 
it was found (Figure 3) that positions 1, 2, and 3 
were critical, whereas the other positions were less 
critical, because they received support from the 
stiffness of the surrounding PCC. Therefore the in­
formation reported in later sections is relative to 
positions 1, 2, and 3. 

In the case of the 5 x 5-ft PC repair, positions 
1, 2, and 3 were close together i subsequently only 
position 2 (edge) was considered, because it was the 
most critical. In the case of the 17 x 17-ft PC re-

Figure 4. C-141 aircraft vertical gear position. 
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pair and the 24 x 36-ft PC repair, the study showed 
that position 3 had a low value of flexural stress 
compared with positions 1 and 2 for the F-4 aircraft 
load. Thus, this position was considered to have 
relatively little influence on the life of the re­
pair. The loading with the C-141 showed that posi­
tion 3 gave a higher stress than position 1. This 
is attributed to the wide load distribution of the 
C-141 main gear, which, unlike the F-4 main gear, is 
not influenced by the surrounding PCC. Although 
flexural stresses were found for position 1 that 
were not significantly lower than those obtained for 
position 3, it was decided that the design for posi­
tion 3 would satisfy the condition of position 1. 

In summary, only position 2 (representing the 
edge condition) and position 1 (representing the in­
terior condition) were considered significant for 
the F-4 aircraft. Only position 2 (representing 
edge condition) and position 3 (representing the in­
terior condition) were considered significant for 
the C-141. 

For the C-141 aircraft, which has a dual-tandem 
gear, the two positions shown in Figure 4 were ana­
lyzed and the results indicated that loading the 
gear tires on the center of the repair gave the most 
critical stresses. This position was used for fur­
ther analysis. Another problem investigated for the 
C-141 dual-tandem gear was the location of the maxi­
mum flexural stresses, which were found to occur 
directly under the tire. 

The results given in Figures 5 and 6 indicate 
that varying the existing runway support has no in­
fluence on the repair section flexural stresses. 
The runway support was then fixed at 300 pci, which 
is slightly above the average (250 pci) existing at 
many bases. Although the 300 pci does not influence 
the results, it permits the user to consider repair 
support Kpc' s up to 300 pci, because of the pri­
mary assumption, i.e., KreP.air .:_ Kr4nway· 

For a 17 x 17-ft repair , varying the existing 
runway thickness did not influence the flexural 
stresses in the repair section significantly (Figure 

Figure 5. Stress versus runway support for F-4 loading, 5 x 4.5-ft repair, and 
Kpc = 50 pci. 
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7). The runway thickness was then fixed at 12 in., 
because this .thickness represents a typical thick­
ness encountered in the field and does not influence 
the results. For a 5 x 5-ft repair, however, the 
runway thickness has a definite influence. The 
values of 12 and 16 in. were used to represent thin 

Figure 6. Maximum flexural stress versus runway support for C-141 loading 
and 5 x 4.5-ft repair. 
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and thick pavements, respectively, whereas 8 in. was 
rejected because high stresses were obtained by 
loading an 8-in. PCC slab, which indicated that the 
runway was underdesigned. The repair support has an 
influence on the results, and the values of 50 pci 
and 300 pci were selected as representing the ex­
tremes (poor and strong support) • 

The maximum stresses resulting from all condi­
tions where Kpc = 300 pci and position 2 (edge) 
was loaded were plotted, and the boundaries of the 
stress envelopes for the F-4 and the c-141 are shown 
in Figure B. Because the range of stress was small, 
only the upper boundary for the F-4 and the C-141 
was used to represent the edge loading i Kpc = 300 
pci for all conditions, which reduced the scope of 
analysis. 

DESIGN CHARTS 

After the sensitivity study had been completed, de­
sign charts were prepared containing only the sig­
nificant variables as defined by the sensitivity 
study. Figures 9 through 12 are design charts that 
present the maximum flexural stress for the repair 
section in terms of the PC repair depth for a range 
of conditions. On the charts, qualitative variables 
are used, whereas the previous information has been 
developed in terms of quantitative factors. The 
qualitative factors are as follows: 

Small repair size: 25 to 299 ft', 
Large repair size: 300 to 999 ft 2 , 

Major replacement: 1,000 ft 2 or greater, 
Strong repair support: 300 pci or more, 
Poor repair support: 50 pci, 
Thick existing runway: 16 in. thick, and 
Thin existing runway: 12 in. thick. 

Figures 9 and 10 present the maximum flexural 
stress in polymer concrete versus the PC repaired-

Figure 8. Flexural stress versus PC depth for edge loading and Kpc = 300 pci. 
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Figure 9. PC thickness design chart for F-4 aircraft and edge loading. 
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Figure 10. PC thickness design chart for F-4 aircraft and interior loading. 
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section thickness for the F-4 aircraft for edge and 
interior loading, respectively. Figures 11 and 12 
give the same information for the C-141 aircraft for 
the edge and interior loading, respectively. 

For simple use of the charts, only the edge load­
ing should be considered for the small repairs, 
whereas for larger repairs and major replacement 

Figure 11 . PC thickness design chart for C-141 aircraft and edge loading. 
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Figure 12. PC thickness design chart for C-141 aircraft and interior loading. 
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both edge and interior loading conditions should be 
considered. In using the chart, the value of the 
repair support may be interpolated. For the repair 
size, a size is determined and then the range that 
encompasses the appropriate figure is found. For 
example, if the repair area is 225 ft 2

, the user 
would select the larger repair size for determining 
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the PC thickness. If the repair section encompasses 
the edge, the edge condition should be selected. 
The edge condition is selected for longitudinal 
joints without load transfer or for edge conditions 
that have been selected because of least-damaged 
regions. If the repair section is surrounded by the 
existing pavement, an interior loading condition is 
used. 

The allowable 
equation must be 
of repetitions. 
applicable here. 
a typical fatigue 

stress level to be used in the 
derived as a function of the number 
Therefore, the fatigue concept is 
The following equation represents 

equation that is used for PCC: 

N =A (f/a)n 

where 

0 

f 

N 

A, B 

(5) 

the stress in the concrete due to the ap­
propriate aircraft loading and other condi­
tions, 
the flexural strength of the polymer con­
crete, 
the allowable number of repetitions for the 
strength and stress conditions, and 
coefficients for testing specific mate­
rials. 

This fatigue-equation format has been used for 
the design of PCC (strain in lieu of stress) and as­
phalt concrete for a substantial period of time and 
is felt to be applicable here. The coefficients A 
and B have not yet been developed for polymer con­
crete. Because all static tests on polymer concrete 
have indicated that this concrete is vastly superior 
to the normal PCC, it is believed that the use of 
coefficients developed for PCC will be conserva­
tive. Therefore, Equation 5 is defined as follows 
for polymer concrete, based on previous studies: 

N = 23,400 (f/a)3 ·2 1 (6) 

DESIGN PROCEDURE 

The following is a sequential procedure that may be 
used to determine the thickness of PC repair: 

1. The thickness of the existing concrete pave­
ment and relative applications of each of the two 
design aircraft (C-141 and F-4) are determined. It 
is decided what compaction condition is to be used 
in the field or repair section (e.g., poor or good) 
and for what length of time design applications are 
to be applied. 

2. The user surveys the repair section and makes 
qualitative decisions as to small, large, or major 
repair replacement, and it is decided whether the 
repair is a free edge (i.e., whether the repair is 
surrounded by existing pavement) or zero load trans­
fer at a longitudinal joint. 
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puted for each aircraft type by using the following 
equation: 

a = f (23 ,440/N)D.3 1 (7) 

4. The user then determines the PC repair by 
entering the appropriate value from Figures 9 
through 12 to represent the aircraft type and load­
ing condition. The allowable stress from step 3 is 
entered at the vertical axis projected horizontally 
to the appropriate repair section and support condi­
tion. At the intersection, the line is projected 
vertically and the thickness is read on the hori­
zontal scale. 

CONCLUSIONS 

A design procedure for PC repairs for runways has 
been presented here that was developed for bomb dam­
age repairs, but the concepts are applicable to any 
emergency repair. The repair was modeled with a 
computer program with a large number of variables 
based on aircraft type, size and location of repair, 
location of wheel on repair, support stiffness, and 
repair thickness. Based on the computer analysis, 
design cha r ts are presented to permit the required 
PC thickness· to be determined. The charts were re­
sults from the tests in the field and found to model 
the field conditions (,!) • 
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