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• Although pavement performance relation
ships developed at the AASHO Road Test have 
been previously presented in a film on research, 
the relationships are given in more detail 
herein. A sample of the performance data is 
given, and then explanation of how the data 
were summarized by means of empirical equa
tions for flexible and rigid pavement perform
ance. A few of the many curves that can be 
plotted from the equations are shown. 

P E R F O R M A N C E DATA AND 
S E R V I C E A B I L I T Y T R E N D S 

Present serviceability histories for each test 
section were plotted against load applications, 
then smoothed into serviceability trends by the 
use of moving averages. The two coordinates 
for each point on any serviceability trend are 
serviceability level and the number of applica
tions that had occurred when this level was 
reached. In Appendix A of AASHO Road Test 

Report 5, coordinates of from 5 to 10 points 
are given for the serviceability trend of each 
test section. Figure 1 shows an excerpt of the 
performance data for flexible pavement sec
tions in the main factorial experiment. Per
formance data are shown for three sections, 
579, 581, and 306; and load factors are denoted 
by L i , the axle load, and La which has the value 
1 for single axles and value 2 for tandem 
axle loads (Fig. l a ) . Sections 579 and 581 
were in the 18-kip single-axle lane and section 
306 was in the 48-kip tandem-axle lane. Pave
ment design factors for flexible pavement are 
denoted by Di, the surfacing thickness, D^, the 
base thickness, and D ,̂ the subbase thickness. 
Section 579 has 5 in. of surface, 3 in. of base, 
and 4 in. of subbase, whereas both other sec
tions have 5 in. of surface, 6 in. of base, and 12 
in. of subbase. Thus these three selected sec
tions exhibit variation in both design and load. 

Figure lb shows the logarithm of the num
ber of applications at which the section reached 
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Figure 1. Flexible pavement performance data. 
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Figure 2. Flexible pavement serviceability trends. 

serviceability levels of 3.5, 3.0, 2.5, 2.0, and 1.5, 
and at the last level the sections were removed 
from the test. Blanks imply that the section 
did not reach the stated serviceability level be
fore the test was completed. 

Figure Ic shows points from the serviceabil
ity trends selected at equally spaced points in 
time, after 11, 22, 33, 44 and 55 index days. 
Successive index days were two weeks apart so 
the selected times were 22 weeks apart and 
spanned the entire period of the traffic test. 
The logarithms of the number of applications 
for each index day and the serviceability levels 
for the test sections on the stated index days 
are shown. Blanks imply that the section had 
reached 1.5 before the first day for which no 
serviceability is given. Thus, section 579 had 
reached 1.5 before the 22nd index day and sec
tion 306 had reached 1.5 before 44 index days, 
whereas section 581 still had a serviceability of 
about 3.3 at the end of the test. 

From performance data given in Appendix 
| A of Road Test Report 5 and as shown in Fig-
lure 1, it is possible to reconstruct a facsimile of 
the serviceability trend for any section in the 

|Road Test. Figure 2 shows serviceability trends 
for the three sections shown in Figure 1. Open 

{circles have been used to represent the service-
ibility level on index days and closed squares 
jive the applications at equally spaced service-
ibility levels starting with 3.5 on down to 1.5. 
The horizontal scale gives weighted applica
tions in thousands where the weights that were 
ipplied to the actual applications were derived 
from seasonal variation in the deflections of 
test sections located in the non-traffic loop. Sec
tion 579 in the 18-kip single-axle lane lost serv
iceability rather rapidly and was out of test at 
ibout 200,000 applications. A heavier design 
In this lane, however, such as section 581, 
phows a decreasing rate of serviceability loss 
and ended at 3.3. Section 306 having the same 

design as section 581 shows a serviceability 
trend more or less intermediate to the other 
two trends. 

One guiding point in the selection of a math
ematical form to represent these curves was 
that flexible pavement serviceability trends 
were noted to have decreasing slopes when the 
section design was heavy relative to load and 
increasing slopes when the section design was 
relatively light. Thus, the general shapes of 
the serviceability trend changed as the design 
changed relative to load. 

Figure 3 shows a sample of performance 
data from the rigid pavement sections in the 
main factorial experiments. Section 673 and 
691 were in the 18-kip single-axle lane, and 
section 341 was in the 30-kip single-axle lane. 
Pavement design factors for the rigid pave
ment are denoted by D^, whose value is 1 if the 
section had reinforced 40-ft panels and 0 if the 
section had nonreinforced 15-ft panels, by Dj, 
the inches of portland cement concrete surfac
ing, and by Di, the inches of subbase material. 
All joints were doweled. Section 673 has 5 in. 
of reinforced surfacing and 9 in. of subbase; 
section 691 has 8 in. of nonreinforced surfacing 
with 9 in. of subbase; and section 341 has 8 in. 
of reinforced surfacing with 3 in. of subbase 
(Fig. 3a). 

Figure 3b shows the logarithm of the num
ber of applications at which the sections 
reached the serviceability levels of 3.5, 3.0, 2.5, 
2.0, and 1.5. 

Figure 3c shows the serviceability level on 
each of 5 equally spaced index days. Section 
673 and section 341 had both reached 1.5 before 
44 index days, but section 691 still had service
ability of 3.9 at the end of the test. Using the 
performance data from Figure 3 to reconstruct 
rigid pavement serviceability trends, all three 
trends show an increasing slope with applica
tions (Fig. 4). Section 673 lost serviceability 
quite rapidly at about 600,000 applications, 
whereas section 691 with 3 more inches of sur
facing lost serviceability slowly and ended at 
about 3.9. The 8-in. section in the 30-kip axle 
lane, however, also lost serviceability rapidly 
at about 800,000 applications. These curves in
dicate that serviceability loss for the rigid 
pavements occurred either at a constant or an 
increasing rate. 

In the main factorial experiment there were 
284 flexible pavement sections and 264 rigid 
pavement sections. Considering both weighted 
and unweighted applications for flexible pave
ments, there are 832 lines of performance data 
for the main factorial experiments in Appendix 
A, and 832 serviceability trends which can be 
drawn from these data. The obvious question 
is, "How shall the data be summarized in such 
a way that the general nature of the service
ability trends will be preserved and so that the 
summary can demonstrate pavement design 
and load effects that have been shown in Fig-
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Figure 3. Rigid pavement performance data. 
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ures 2 and 4?" To answer this question, a 
mathematical form was selected that would in
volve the seven variables and also constants 
whose values could be determined by analysis. 
A t the end of the analysis the derived formu
las or equations would show relationships 
among p, the serviceability level; W, the appli
cations experienced when level p had been 
i-eached; load factors, L i and L a ; and pavement 
design factors, D j , D.^ and D j . 

P A V E M E N T P E R F O R M A N C E 
E Q U A T I O N S 

Figure 5 shows the serviceability trend for 
just one of the flexible pavement sections 
shown in Figure 2. A dashed curve whose 
points have been computed from the flexible 
pavement performance equation is drawn 
through the performance data represented by 
open circles and closed squares. The general 
formula for all flexible pavement serviceability 
trends is 

V -
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Figure 4. Rigid pavement serviceability trends. 

4.2 (1) 

When W equals 0, v = 4.2, the average initial 
serviceability level for all flexible pavement 
sections in the main factorial experiment. The 
value 2.7 is the distance from 4.2 down to 1.5, 
the level at which sections were removed from 
traffic tests, p is the number of computed ap
plications at which the section serviceability 
level is 1.5. I f W = p, p = 1.5. F o r this section 
p is about 832,000 applications, whereas the ob
served applications at p = 1.5 was about 700,-
000 applications. The average vertical devia-
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p » 4 . 2 - 2 . 7 ( I ^ ) ^ 

Section 3061 
^ • • 0 . 8 2 
p « 832.0001 

Figure 5. Flexible pavement performance equation 
serviceability with applications. 
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Figure 6. Rigid pavement performance equation, serv
iceability witli applications. 

tion of observations from the computed curves 
is 0.46. 

p governs the shape of the computed service
ability trend. I f ^ = 1 the serviceability trend 
is a straight line. I f /8 > 1 the slope of the 
trend increases with applications, and if ;8 < 1, 
as is the case for this section, the slope of the 
trend decreases as the applications increase. 
I n other vv^ords, serviceability trends are con
cave upward if ^ < 1 and concave downward 
i f |8 > 1. F o r this section /S = 0.82. 

Figure 6 shows again the performance data 
for rigid pavement section 341 and the rigid 
pavement performance equation. The dashed 

, curve has been computed from 

. = 4 . 5 - S . 0 ( ^ X (2) 

The constant 4.5 was the average initial serv
iceability of all rigid pavement test sections in 
the main factorial experiment and the constant 

Section 306 
(48T, 5-6-12) 

D = 4.36 

3.0 is the distance from 4.5 to 1.5. As before, 
P is the number of computed applications at 
which p = 1.5, about 942,000 applications for 
this example. Because the curve is concave 
downward /8 > 1, and for section 341 13 = 2.75. 
The average absolute vertical discrepancy or 
residual in serviceability is 0.24. 

Eqs . 1 and 2 show the relationship that has 
been assumed between serviceability level and 
applications, but how are values determined for 
j8 and p? Both /8 and p are expressed as func
tions of load and pavement design factors. 

Figure 7 gives the serviceability trend data 
for section 306, but the vertical scale is the 
logarithm of serviceability loss and the hori
zontal scale is the logarithm of applications. 
F o r convenience the serviceability scale is also 
shown. I n this coordinate system, computed 
serviceability curves of the performance equa
tions are straight lines as shown by the 
diagonal line. Log p is the logarithm of the 
number of computed applications when p = 1.5. 
The slope of the computed serviceability line 
in this plane is p and p increases with a power 
of L , and decreases with a power of D and with 
a power of L j . D represents a thickness index 
whose value can be calculated from any com
bination of surface, base and subbase thickness. 
Accordingly, the thickness index is 0.44 times 
the surface thickness plus 0.14 times the base 
thickness plus 0.11 times the subbase thickness. 
The thickness index of section 306 is 0.44(5) 
-I- 0.14(6) -I- 0.11(12) = 4.36. When D, L , 
and La are substituted in the equation for y8, 
the computed slope of the performance line in 
this plane results. F o r flexible pavements the 
minimum value for j3 is 0.4. Therefore, /3 can 
be < 1, = 1, or > 1 in the flexible pavement 
performance equation. The last part of the 
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Figure 7. Flexible pavement performance equation, design and load functions. 
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Figure 8. Rigid pavement performance equation, design and load functions. 

equation shows that p increases as a power of 
D and as a power of L2 and decreases as a 
power of L i . These three formulas, with the 
formula in Figure 5, complete the presentation 
of the flexible pavement performance equation. 
As indicated, the average discrepancy in the 
horizontal direction between the computed and 
observed log W is 0.23. 

Figure 8 shows the corresponding situation 
for the rigid pavement performance equation 
with data for section 341 (8-in. surface thick
ness in the 30-kip single-axle lane). The 
straight line is obtained from the computed 
serviceability trend when plotted with a verti
cal scale that represents the logarithm of serv
iceability loss and a horizontal scale that rep
resents the logarithm of applications. The slope 
of the line is yff, and the minimum value for p 
is 1.0; the computed serviceability curves will 
either be linear or concave downward. Equa
tions for p and p are similar to those for the 
flexible pavement performance equation. Thus 
P increases with a power of L i and decreases 
with a power of D and a power of L j . 

A l l of the powers and coeflScients in the flex
ible and rigid pavement performance equa
tions were determined through regression 
analysis of the factorial experiment data. 
The regression analyses led to decisions based 
on the statistical significance of the three 
pavement design factors and their interacting 
effects. F o r the flexible pavement performance 
equation the thickness index D involved all 
three design factors but not their interactions. 
I n the case of the rigid pavement analysis, it 
was concluded that neither the reinforcing 

factor Di nor the subbase thickness factor D3 
contributed significant effects to the perform
ance of the pavements; therefore, the thickness 
index for rigid pavements is simply D^, the slab 
thickness itself. However, the non-significance | 
of subbase thickness relates only to the thick
ness range from 3 to 9 in. of subbase. A special 
experiment showed that the 6 in. of subbase 
resulted in significantly better performance 
than no subbase. p increases with a power of 
D and with a power of L2, and decreases with 
a power of L i . The average horizontal dis
crepancy between observed and computed logl 
W values for the rigid pavement performance! 
equations was 0.17. 

The three equations, along with the formulal 
for p in terms of W, comprise the rigid pave-' 
ment performance equation as it was developec 
from the performance data. Although the 
formulas themselves appear to be rather com-| 
plicated, it is not diflScult to substitute values 
for all the factors except two, then compute 
the curve that is given by the remaining two 
variables. Since there are five variables in the 
rigid pavement equation and 7 in the flexible 
pavement equation it is thus possible to con^ 
struct a great number of curves from the per
formance equations. 

There were two phases in the determinatior 
of the equation. F i r s t there was the selectioi 
of general mathematical form that would b( 
used and, second, there was the evaluation 0: 
the coeflScients in the selected model. Befon 
these particular forms were chosen, as many a: 
8 or 10 other forms had been studied. Eaclf 
form involved a somewhat different coordinate 
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system for establishing straight lines for the 
serviceability trends. Criteria that were used 
in the ultimate selection were as follows: 

1. Models were preferred whose average log 
W residuals were smaller. 

2. Models were preferred that were rela
tively less complicated in alegbraic form. 

3. Models were preferred whose extrapolated 
characteristics seemed to agree best with past 
experience and present expectations. 

As stated in Report 5, it was not held that 
somewhat smaller residuals might not be ob
tained with other models, but it has been pre
sumed that the relationships do represent an 
adequate summarization of all the performance 
data for the many test sections in the factorial 
experiments. The average log W residuals 
given herein are just about twice the average 
residual between replicate test sections in the 
same traffic lane. I t would have been nice had 
the equation residuals been approximately 
equal to the replicate differences. Inasmuch as 
these equations represent generalizations across 
all ten traffic lanes, it was expected that the 
equation residuals would reflect whatever loop-
to-loop differences there were in uncontrolled 
variables. Therefore, the residuals were ex

pected to be larger than the differences be
tween replicates in the same traffic lane. I f one 
chooses any subset of the performance data, 
for a particular serviceability level, for a par
ticular design or for a particular load, then it is 
generally possible to find a closer fit than is 
given by the over-all equation. F o r example, it 
is possible to derive a separate equation for any 
load that will fit the data from a particular 
traffic lane better than the general equation, 
but without some generalization across the 
various loads it was felt that the first objective 
of the Road Test would not be met. 

P E R F O R M A N C E E Q U A T I O N S C U R V E S A T 
F I X E D S E R V I C E A B I L I T Y L E V E L S 

I n the remainder of this paper, terminal 
serviceability p is fixed at a particular value 
and performance equation graphs of relation
ships among design, load, and applications are 
presented. I n Report 5, performance equation 
curves were shown for two fixed levels of p, 
2.5 and 1.5. Herein, the terminal serviceability 
is fixed at 2.0, the dividing point between fair 
and poor serviceability on the original service
ability rating cards. 

I n Figure 9, the curves show how the com-
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Figure 9. Flexible pavement performance equation curves, design with applications. 
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Figure 10. Rigid pavement performance equation curves, design with applications. 

1000 3000 

puted thickness index for flexible pavements 
increases with applications for three single-axle 
loads. F o r each load the closed symbols repre
sent the observed performance data; that is, 
the number of applications at which a particu
lar section reached serviceability level 2.0. 

The meaning of the average residual of 0.23 
that was given for log W in Figure 7 is inter
preted in the following. I f at each point on a 
particular load curve one moves to the left and 
to the right a distance two times the average 
mean residual (that is, a log application dis
tance of 0.46), then constructs bands at this 
distance from the central curves, the shaded 
bands will include approximately 90 percent of 
all the performance data. The width of these 
error bands increases as one moves from left 
to right, but (as is discussed in Report 5) it 
will be found that the band widths correspond 
approximately to 14 percent uncertainty in the 
thickness index computed for a specified num
ber of applications. F o r example, for one 
million applications with an 18-kip single-axle 
load, the computed thickness index will be ap
proximately 3.5., and the error bands give limits 
from about 3.0 to 4.0. Wider or narrower er

ror bands can be drawn to include a larger or 
smaller percentage of the observed points. F o r 
the given example, the thickness index of 3.5 
can be translated into many different designs— 
one of these, for example, is 4 in. of surfacing,r 
6 in. of base, and 8 in. of subbase. I f the 90j 
percent limits are applied to this estimatec 
design then the distance from the band to the 
central curve corresponds to slightly more thar 
1 in. of surface or 3 in. of base or 4 in. of sub-
base. I n this form then, the performance equa
tion graphs show thickness indexes requirec 
for specified numbers of axle-load application^ 
expected when this pavement reaches serviced 
ability level 2.0. Of course, any such use of 
these curves to derive a required thickness in-l 
dex should be based on conditions similar t<f 
those which occurred at the Road Test. 

Corresponding curves for the rigid pave 
ment performance equation are shown in F i g 
ure 10, again for terminal serviceability of 2.0 
Curves for each load have been computed fror 
the performance equations and the closed sym 
bols represent all those sections in th( 
respective lanes whose serviceability reachec 
2.0 before the end of the test. I n each of th( 
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Figure 11. Flexible pavement performance equation curves, design with load, 

three lanes shown (as well as in F i g . 9) there 
were tests sections whose performance data 
could not be plotted because their serviceabil
ities were still above 2.0 at the end of the test. 
Such points fall in the extrapolation region 
which has been extended to somewhat past 3 
nillion applications in both Figures 9 and 10. 
This region indicates the nature of the curve 
Jeyond the number of applications experienced 
at the Road Test and points out where the 
equations predict that the sections remaining 
ibove 2.0 would fall. Shaded bands including 
approximately 90 percent of the observed data 
lave been drawn around the curves by moving 
•jQ the left and to the right from the central 
curve by a distance of 2 times the mean abso-

Iute residual of 0.17. Thus, the upper and 
ower limit for each curve are at a horizontal 
listance of 0.34 in log applications from the 
:entral curve. In terms of the slab thickness 
;omputed for a fixed number of applications, 
;he distance from the central curve to the limit-
ng curve corresponds approximately to 11 
jercent of the computed slab thickness. As an 
ixample, for the computed value of slab thick-
less at 1 million applications for a 30-kip 
ixle load, the computed thickness is approxi-
lately 8.3 in., and the 90 percent bands range 
Tom 7.4 to 9.1 in., representing a deviation of 
ipproximately 0.9 in. 

F o r the rigid pavements there were six 
sections in each traffic lane that had the same 
slab thickness, differing only with respect to 
the reinforcing and subbase factors. In the 
6-kip lane there were three 21/2-in. sections 
whose serviceability did not reach 2.0. In the 
18-kip single-axle lane all six 5-in. sections 
reached 2.0 but 5 of the 61/2-in. sections did 
not reach 2.0 at the end of the test. In the 30-
kip single-axle lane there were 2 sections still 
remaining above 2.0 at slab thickness of 8 in. 
and five of the 91/2-in. slab thicknesses had not 
reached 2.0 at the end of the test. I f the rigid 
pavement performance equations have suitable 
extrapolation characteristics, it may be sup
posed that 90 percent of the remaining sections 
would fall within the bands shown in the 
extrapolation regions for the loads in Figure 
10. A similar statement would hold for the 
extrapolation region in Figure 9. Again, pre
dicted designs for given numbers of applica
tions are based on the conditions that prevailed 
at the Road Test with regard to materials, con
struction, the nature of the load applications, 
and the environmental conditions. Curves such 
as shown in Figures 9 and 10 are given in 
Report 5 for each of the ten test loads that 
were used. 

I t might be rather difficult to find other 
models and other constants for any model 
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Figure 12. Rigid pavement performance equation curves, design with load. 

that would result in an appreciably improved fit 
of the fixed perforaiance data points. Chang
ing the form of the equations can only result 
in somewhat different shapes for the curves 
and perhaps somewhat different distances for 
the residual bands. 

Thus far, no distinction has been pointed out 
between single- and tandem-axle load effects 
as these effects are contained in the perform
ance equations. F o r the flexible pavement 
performance equation, Figure 11 shows how 
the computed thickness index varies as axle 
load is changed when both the terminal service
ability and the number of applications to this 
serviceability level are fixed. Terminal service
ability is 2.0 and curves have been computed 
from the flexible pavement performance 
equation for 100,000 applications, 1 million ap
plications, and extrapolated for 10 million 
applications. F o r these fixed conditions, the 
curves can show, for any of the axle loads used 
at the Road Test, the thickness index that will 
be computed from the performance equations. 
F o r example, the dotted line coming up from 
18-kips to the 1 million-applications single-axle 
curve shows a thickness index of about 3.5. 
When this same computed index is projected 
from the tandem-axle curve upward about 32-
kips tandem is read. Thus for 1 million appli
cations, 18-kip single-axle loads are about 

equivalent to 32-kip tandem-axle loads as far 
as the flexible pavement design requirements 
are concerned, as has been observed in other 
road tests. 

Figure 12 shows curves computed from the| 
rigid pavement performance equation, for 
terminal serviceability of 2.0, and for 100,000J 
1 million, and extrapolated for 10 million appli-| 
cations. F o r example, the dotted line from the 
24-kip single-axle lane to the 1 million applica-j 
tions curve shows that the computed design i^ 
about 7 in. and that the projection upwarc 
from the tandem-axle curve at this design anc 
application level gives about 40-kip tander 
as equivalent to the 24-kip single. 

P R O S P E C T I V E D E V E L O P M E N T S 

There is the obvious need to introduce othei 
pavement design factors into the equation. Fo] 
example, strengths of materials as well as thei: 
thicknesses would be factors for inclusion. I i 
the factorial experiments strength was not 
controlled variable; therefore, until furthe: 
investigations can introduce such factors onl; 
conjectural or theoretical considerations can b 
used to bring them into the performance equa 
tions. Until experimental evidence is availabl 
for introducing other factors, an effort will b 
made to fit the combined performance dati 
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from flexible pavement factorial and special 
base experiments with a model that provides 
for variation in base type. There was not time 
for this development at the Road Test, but it 
may be supposed that this effort will produce 
equations that can be verified or modified from 
the experience gathered in the prospective 
satellite studies. 

At the Highway Research Board, efforts are 
being made to simplify the performance equa
tions as they have been given in Report 5 and 
herein, both in terms of the algebra that has 
been used and in the methods of fitting the data 

to the models. The success of this effort will be 
judged by the narrowing, if any, of the residual 
bands, as well as by subjective evaluation of 
predictions that are made for sections whose 
performance points are in the region of 
extrapolation. 

The first Road Test objective was to deter
mine the effects of particular pavement design 
and axle load factors on pavement performance. 
It is considered that curves such as shown and 
other curves that can be computed from these 
performance equations satisfy the main objec
tive for the factorial experiments. 




