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The paper describes the strains and deflections observed upon loading 
a full-scale, asphaltic concrete pavement model with a water-filled bag. 
The specimen, 10 by 10 ft by 8 ft deep, was carefully prepared to en
sure uniform materials whose properties could be reproduced. Tests 
were condu.cted at constru1t temper ature with thr ee modes of loading: 
(a) 0.1-sec load and 0 .9-sec unload, (b) 0.5-sec load and 0.5-sec unload , 
and (c) constant load creep. Cyclic tests we r e 1,000 cycles long, c1·eep 
tests 900 sec. Load intensities of 10, 20, 40, and 80 psi were applied. 
The total deflections observed were viscoelastic in nature and increased 
linearly with load. The dynamic component of strain and of deflection 
was also linear. Total deflections and strains were affected only slightly 
by conditioning of the pavement with increased cycles and intensity of 
load. The accumulated deflection increased linearly with load, but 
during a test the deflection at a distance of 12 to 20 in. from the center 
of load would eventually decrease with increase in repetitions. This 
rise in the pavement is believed due to a differentiation of viscoelastic 
properties with depth at locations determined by the geometry of the 
pavement and of the loaded area. strains show a similar phenomenon 
in similar locations on the surface from the beginning of loading, being 
tensile upon load and accumulating compressive strain. The strains 
were small, under 30 microin. per in. in the areas affected by direc
tlunal reversal. The laqi,esL :oL!'aiu mea:oul'eu wa::; 470 microin. per in. 
Further research is needed to explain the "12-in. rise" and the opposite 
accumulation of strain. 

•THE RESEARCH reported herein is part of the Federal Highway Administration's 
National Program Task, "Rational Design of Flexible Pavements". It is primarily con
cerned with defining certain primary responses of a full-scale flexible pavement sub
jected to static and repetitive loads under controlled laboratory conditions. Little 
emphasis is placed, at this time, on defining limiting responses such as fatigue or 
permanent deformation. However, a basic premise of this research is that the use of 
mathematical models which are insensitive to prediction of primary responses may be 
of little value for use in a concept that attempts to predict pavement distress and per
formance. 

The ability of a model to predict the response of a prototype pavement under field 
or laboratory conditions is a measure of the adequacy of the model (_!). In a very com
plex system such as a flexible pavement, more than one mathematical model may be 
necessary to trace the paths of interrelated failure mechanisms as they propagate from 
a primary response to pavement distress. Indeed, it may be proper to establish a 
framework of various models, properly interfaced, to tie together the primary and 
limiting responses in order to predict the behavior of the pavement at any time under 
any conditions. 
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The mathematical model most popularly used to describe the primary response of 
a pavement system to environment and loading is that which combines the geometry and 
material properties into a system of equations that can be solved satisfying specific 
boundary conditions. Then-layer elastic theory is an example of such a representation 
that has received wide use to date(~, 1_, i). Work at the Road Research Laboratory (fil 
on asphalt concrete is attempting to explore the interactions between rate of loading, 
rest period, and configuration of the load wave form. 

In this report typical responses obtained from the experimental testing of the flexible 
pavement under various load stimuli are presented and evaluated. Boltzmann's super
position integral is utilized to predict responses due to sinusoidal repeated loading from 
the response due to static loading. These predictions are compared with the measured 
results, and· system linearity and effects due to load duration and repetitions are ana
lyzed. Work conducted at Purdue University (.fil utilizes a similar concept to charac
terize asphaltic concrete whereby the responses from sinusoidal loading in the form of 
transfer functions can be used to predict responses due to static loading. 

Future work in connection with this study will involve testing of a flexible pavement 
identical to the one described in this study except for a thinner surface course. Com
parisons will be made between the actual measured responses and theoretically pre
dicted responses obtained through the use of various mathematical models and charac
terizations of the pavement component materials. 

PREDICTION THEORY 

A necessary condition for a system to be linear is that the principle of superposition 
applies. Boltzmann's superposition principle as applied to elastic and viscoelastic sys
tems is utilized as an indicator of the time-dependency and linearity of the system. 
Boltzmann's superposition principle states that when an excitation function e1(t) produces 
a response function w 1(t), a second excitation function e2 (t) produces a second response 
function w 2(t), and any other en(t) produces wn(t), then 

e 1(t) + e2(t) + ... + en(t) -, w 1(t) + w2 (t) + ... + Wn(t) (1) 

or 
n n 

[ ek(t) -• L Wk(t) (2) 

k=l k=l 

which must hold for a linear system (1). When n identical excitations are applied to 
the same part of a linear system the following expressions must also hold: 

n n 
[ ek(t) = ne 1(t) _, [ wk(t) = nw 1(t) (3) 
k=l k=l 

Now if the time-varying excitation function e(t) is approximated by a series of step 
functions .6. e( T) successively displaced in time t by an amount tu, then by the principle 
of superposition the following is obtained (1): 

t 
w(t) = e(0) wu(t) + f 

0 

de(r) il'T Wu(t-T)dT (4) 

The integral in Eq. 4 is known as the "superposition integral" or Duhamel's integral. 
The "system function" wu(t) is the response of an initially relaxed linear system to a 
unit step input, and w(t) is the response of the system to load e(t). When wu(t) is re
placed by the response to a step load function of any magnitude, it is labeled a response 
function R(t), which is comparable to the creep responses obtained by experimentation. 
The response function R(t) is approximated by an exponential Dirichlet series, 

n 
R(t) = [ Gi exp - (t-T) 6i (5) 

i=l 
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where Gj_ and Oi are the coefficients selected using the least-squares curve fit method 
(fil. When the excitation function is a sine-squared function such that 

I sin2

0 

wt 
e(t) = 

0 < t < duration of e(t) 

Duration of e(t) < t < period of e(t) 

then Eq. 4 becomes 

w(t) ft d sin2 wt [n Gi exp - (t- r) 1ii 
clT 

0 i =l 

(6) 

(7) 

The solution to .Eq. 7 was obtained by a computer program written under contract by 
the Massachusetts Institute of Technology (fil. The program output is a time- varying 
function that represents total and accumulative displacement (defined later) for a sine
squared time configuration of the excitation load function for any specified period and 
duration. 

MATERIALS 

A 3-layer flexible pavement system consisting of a clay subgrade, crushed stone 
base, and asphalt concrete surface was constructed in a 10 x 10 ft x 8 ft deep concrete 
test pit. The density of the compacted lifts of the clay subgrade averaged 106. 7 lb per 
cu ft, which was 97 percent of AASHO T-99. The average moisture content at the be
ginning of testing was 17. 7 percent, which was slightly higher than the 16.3 percent op
timum moisture from T-99. 

The crushed stone base course was placed in two lifts and had an average compacted 
thickness of 8.16 in. and density of 147.3 lb per cu ft at 5 percent moisture by the sand 
cone method. Laboratory density by AASHO T-180 was 157.5 lb per cu ft with optimum 
moisture of 6.2 percent. 

The asphaltic concrete was a commercially available %-in. nominal maximum size 
asphaltic concrete designated S-5 in the specifications of the Virginia Department of 
Highways. The density of the compacted asphaltic concrete was determined by nuclear 
gage measurements that were correlated with 5 cores drilled in nonload areas of the 
pit. The compacted thickness was 6.62 in. and the average density was 151.0 lb per cu 
ft. Figure 1 shows the rolling of the asphalt concrete. 

INSTRUMENTATION AND ENVIRONMENT 

An enclosure built over the entire test pit area allowed the temperature to be main
tained to within ± 1 F of the desired temperature, 72 F, during the tests. Temperature 
of the asphaltic concrete pavement was 
measured by thermocouples at ½, 2½, 4½, 
and 61/2-in. depths at two locations. Tem-
perature and moisture content in the sub-
grade were measured by Soiltest MC-3 lOA 
Soil Moisture Cells. 

Vertical pressure in the soil subgrade 
was measured by two types of soil pres
sure cells. All cells were first calibrated 
in an airtight triaxial chamber and then 
one cell of each type was calibrated in a 
5 x 5 x 5 ft pit of compacted clay and at 
depths similar to those used in the proto
type and under essentially uniform stress 
distribution with depth. 

Pressure cell, strain gage, and LVDT 
locations are shown in Figure 2, and a 
schedule of the strain gage and LVDT lo
cations is given in Tables 1 and 2 re
spectively. Figure 1. Preparing the asphalt concrete surface. 
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Radial and transverse strains on the surface and on the underside of the asphaltic 
concrete were measured by 0. 75-in. long Micro-Measurement encapsulated 120-ohm 
temperature-compensated strain gages. Installation of the strain gages beneath the 
asphaltic concrete was accomplished by laying down a very thin layer of sand asphalt, 
averaging ¾-in. thick, which covered a slightly greater area than the area to be gaged. 
Output of the strain gages was measured by including the mounted gage as the one active 
arm in a 4-arm Wheatstone bridge. Temperature compensation necessary for the sur
face gages was attained by using dummy gages identically mounted on the asphaltic con
crete surface of an adjacent identically prepared pavement. 

Gage 
No. 

41 
42 
43 
44 
45 
46 
47 
48 
49 
50 

Deflection of the surface of the pave
ment was detected by Schaevitz linear 
variable differential transformers read-

TABLE 1 able to 0.0001 in. The LVDTs were sup-
STRAIN GAGE LOCATIONS ported by aluminum channel beams bolted 

Subsurface Surface 

Rn.dial Distance 
Gage 

Radial Distance 
From Center of Load From Ce nter of Load 

(in.) No. (in. ) TABLE 2 

L VDT LOCATIONS 
0.0 60 7.16 
6.00 61 6.82 

LVDT 
Radin! Distance Radial O1sta nce 

5. 57 62 12.31 Fram Ccnl~r of Load LVDT 
From C 111c-r of Load 

II. 13 63 12.16 No. 
(in . ) No. (in. ) 

11.32 64 17, 85 
17. 78 65 24.10 1 13, 5 6 7. 54 (30. 0 aft e r 
23.42 66 6,89 2 7, 63 test 80-1) 

5. 51 67 12.10 3 7, 75 7 13. 79 
11.43 68 24.12 4 0.0 8 20.50 
24, 58 5 11. 5 (Subgrade) 
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to the walls of the pit as shown in Figure 
3, which also shows the LVDT arrange
ment and a view of the adjustable holder 
for the LVDTs. LVDT 5, a subsurface de
vice, became inoperable and produced no 
usable data. 

Pavement loading was accomplished 
with MTS Systems Corporation's elec
tronic servo-type hydraulic equipment. 
The load was transmitted to the pavement 
through a water-filled doughnut-shaped 
rubber bag 12 in. in diameter with a 21/4-
in. diameter center hole, also shown in 
Figure 3. A doughnut-shaped rubber pad 
of 109.14sq in. was placed under thewater 
bag to reduce the radial strain on the sur
face caused by friction. 

TEST SEQUENCE 

Haversine load functions as shown in 
Figure 4 and a step function were selected 
as the excitation configurations. Duration 
of loading was varied in order to deter
mine this effect on the response of the 
pavement. Table 3 gives the period and du
ration for each type of test. A static (creep) 
test was run at each load level to obtain a 
characterization of the pavement system. 
Tests were conducted at four levels of load 

Figure 3. Arrangement of LVDTs and rubber bag . 
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Figure 4. Excitation and pavement response functions. 
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intensity in the following sequence: 10, 
20, 40, 80, 40, 20, 10 psi. At each of the 
first four load levels, tests were conducted 
in the sequence A, B, C, A, B, C; at the 
last three load levels, only one A, B, C 
cycle was conducted. Tests are numbered 
in essentially the order performed at each 
level. Tests with (d) after their number 
were those performed in descending order 
after the last 80-psi test. 
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TA13LE 3 

PERIOD AND DURATION OF TESTS 

T ype o l Tesl 

Rcpcalccl 
Repealed 
Slcilic {Creep ) 

Desig -
11;1tio11 

A 
B 
C 

Loacl 
l)u1·:1 t1,,n 

(S<'C) 

0, l 
a. 5 

Pc-nod ol 
Lo;Hlini-:, 

1 St'C 

1 sec.: 
15 mill 

No .. or 
Applicaliuns 

ol Load 

1,000 
1. 000 

I 

A total of 42 tests were performed on the pavement. Of this number, 35 were anal
yzed; 28,000 repetitions of load and 210 minutes of static loading were applied to the 
pavement. 

EXPERIMENTAL RESULTS 

Average pressures recorded under the center of the load for type A and type B tests 
for each of the four load levels increase linearly with load, as shown in Figure 5. Ob
served values for other cells as well as the accumulated pressures on the center cell 
were erratic. 

Deflection is classified as accumulated, resilient, and total, as illustrated in Fig
ure 4. The accumulated deflection is that which remains in the pavement after removal 
of the load and immediately before the application of the next repetition. Resilient de
flection is that deflection which takes place during application of the load, and total 
deflection is the sum of the accumulated and resilient deflections at any repetition. 

Total center deflection vs. repetitions for LVDT 4 is shown in Figure 6, which indi
cates a linear relationship between deflection and load. This was observed for all types 
of tests and is also shown for LVDT 2 in Figure 7. The successive tests for each load 
level replicate each other extremely well. 

A pavement would normally be expected to condition, that is, to densify so that de
flections of later tests are in all cases less than that for earlier tests of the same load 
and type; however, the conditioning that does take place is insignificant under load within 
the range of measurement. Conditioning is observable in the rate and amount of 
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Figure 5 . Center pressure cell, resilient stress vs. applied load . 
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recovery of the accumulated deflection during the rebound phase. In that situation, most 
of the irrecoverable deflection was essentially completed after the 40-psi series. 
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80 PSI TYPE C 
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Figure 8. Effect of load duration: total deflection, LVDT 4 (~enter), 80 psi . 

Figure 8 is a plot of total center deflection vs. time for the three types of tests at 80 
psi. The effect of load duration on displacement is quite obvious at this load level, e.g., 
the type C test producing the greatest and the type A test the least amount of deflection. 
At distances greater than 13 .8 in., the effect of the load duration on deflection becomes 
less significant. 

Figure 9 shows the accumulated and resilient components of the total deflection for 
a type A and a type B test at the 40-psi load level. The resilient deflection as well as 
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Figure 9. Effect of load duration: resilient and accumulated deflection, LVDT 4 (center), 
40 psi. 
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the accumulative deflection for all type B tests is consistently higher than that of the 
type A tests, reflecting the effect of longer load durations. A large part, usually 30 to 
40 percent of the total accumulated deflection at the center of the loaded area and 60 
to 80 percent at more remote locations, occurs in the first 5 repetitions of the load. 

A paradox that appeared in the tests is a lessening of accumulated deformation (an 
apparent rise in the unloaded pavement profile) at distances of 12 to 13 and sometimes 
up to 20 in. from the center of the load. The unloaded pavement profile seems to reach 
a maximum deflection at around 60 repetitions, with the most visible bulge at about 600 
repetitions. Figure 10 depicts the pavement cross section and shows this effect for a 
type C test. 

strains were also separated into resilient and accumulative components. The resil
ient strain remained fairly constant for each individual test for most gages and is basi
cally linear for both surface and subsurface gages, as shown in Figure 11 for the 12-in. 
radial surface and subsurface gages (62 and 45). 

Figure 12 is a plot of type B test total strain vs. repetitions for the 12-in. radial 
subsurface gage ( 45). This figure indicates a linear increase in total strain with load 
and is typical of all subsurface gages and of surface gages located within approximately 
8 in. from load center for type A and B tests. A nonlinear variation of total strain is, 
however, typical for all surface gages located over 11 in. from load center for type A 
and B tests. These gages register tension under load but show accumulation of strain 
in compression. This "opposite" effect is shown in Figure 13 for gage 62 along with the 
strain response for radial gage 60, which acts as would be expected, i.e., the accumu
lation of strain is in the same direction as the resilient strain. It is interesting to note 
that this "opposite" effect occurs in the same general area of the pavement surface as 
does the rise in the unloaded displacement profile. 
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Figure 10. Cross section 40-3-C. 

In type C tests the 7-in. surface 
and subsurface gages register 
strains that continuously increase 
under sustained load. All other 
gages, including the center sub
surface gage ( 41), exhibit a re
versal of the direction of straining. 
A plot of creep strain for gage 41 
is shown in Figure 14. 

Figures 15 and 16 are repre
sentative cross sections of surface 
and subsurface radial and trans
verse strains observed at repeti
tion 60. Notice that the subsurface 
resilient strains are in general 
larger than the surface resilient 
strains. A point of inflection is 
indicated in both the surface and 
subsurface radial gages. No in
flection point is indicated in the 
transverse strain profile. 

ANALYSIS 

Total and accumulated displace
ments for type A and B tests were 
predicted for center and 7. 75-in. 
radial locations using the Boltz
mann superposition principle. 
Comparisons with measured values 
are shown in Figures 17 through 
20. The predicted values were ob
tained by fitting a Dirichlet series 
to the creep curves obtained at a 
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specified LVDT location. The coefficients Gi and Oi were obtained from the fitted curve 
and used as input to the computer solution of the superposition integral, Eq. 7. The re
sulting predicted displacements for an 80-psi type A and B test at load center are shown 
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Figure 20. Predicted displacements at 7.75 in., type B, 80 psi. 

in Figures 17 and 18 respectively. Similar trends were obtained for the 80-psi type A 
and B test at 7. 75-in. from load center, as shown in Figures 19 and 20 respectively. 

A measure of the degree of linearity and time-dependency of the system may be ob
tained by comparing measured and predicted values. It is interesting to note the excel
lent agreement between measured and predicted resilient displacements for type B tests , 
as shown in Figures 18 and 20. Predicted and measured resilient displacements for 
type A tests also agree rather well, although to a lesser extent. 

The time-dependent nature of the system is revealed from comparisons of both pre
dicted and measured resilient displacements with the limiting (values beyond 400 sec) dis
placement measured in static (creep) tests. Ratios of measured limiting static displace
ment to measured resilient displacement range from 2 .0 to 2. 7, whereas ratios of pre
dicted resilient displacement to measured resilient displacement range from 0. 75 to 1.04. 

Also shown in the figures are values of accumulated and total displacements. The 
most significant accumulated displacement curve is shown in Figure 18 for type B 80-
psi tests. The discrepancy observed between measured and predicted accumulative 
displacement could be attributed to the conditioning experienced by the pavement during 
the first 5 to 10 repetitions of load. However, a cursory investigation of the creep re
covery curves suggests that better approximations of accumulated values may be obtained 
by using both the creep curve and the creep recovery curve as input to the superposition 
integral. Only the creep curve was used in this analysis. 

Negligible amounts of accumulated displacement are predicted for the type A tests 
and consequently resilient values approach total values. This is reflected in the mea
sured resilient displacements, which are almost identical to the total displacements. 

CONCLUSIONS 

1. Observations of the total, accumulative, and resilient deflections as well as of 
the strains that occur during repetitive and creep tests all point toward the time
dependent nature of the system. 

2. Observed deflections are basically linear with load for each specific type of 
test. Observed resilient strains also tend to be linear with load for each type test. 
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Gages that exhibit an "opposite" or reversal effect produce total strains that are basi
cally nonlinear with load. 

3 . A rise in the unload displacement profile of the pavement is noted in the same 
general area (11 to 20 in. from load center) as the "opposite" effect exhibited by strain 
gages. 

4. The use of superposition integral to predict resilient and accumulative displace
ments from a system creep test reflects the linear time-dependent nature of the flex
ible pavement for the load levels and time configurations used. 
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