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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. 
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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. 
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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 


