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Behavior of a Rigid Pavement Under 
Moving Dynamic Loads 

MUHAMMAD A. NASIM, STEVEN M. KARAMIHAS, THOMAS D. GILLESPIE, 

WILL HANSEN, AND DAVID CEBON 

Computer programs for calculating strain histories in rigid pave
ments under heavy-truck traffic have been developed. A finite
element structural model, ILLI-SLAB, was modified to generate 
influence functions, which are combined with the dynamic loads 
under the wheels of a truck to predict the strain time histories at 
points of interest in the pavement. Using experimental measure
ments of pavement response, it is demonstrated that these pro
grams are capable of predicting strains in a rigid pavement when 
the truck dynamic loads and pavement properties are known. 
Variations in truck speed cause some variations in strain not 
replicated by the pavement model, which has no speed-dependent 
effects. Behavior in the vicinity of a pavement crack is difficult 
to predict because of the unknown load transfer properties of the 
crack, the inconsistent load transfer performance from test to 
test, and an apparent but unexplained sensitivity of load transfer 
performance to truck travel speed. 

Pavements deteriorate because of many factors, one of these 
being the moving dynamic loads of heavy vehicles. Rigid pave
ment structures are traditionally analyzed by examining the 
stress and strain responses in the vicinity of a static load im
posed on the surface of a plate supported by an elastic foun
dation (1-3). The analyses have been extended by consid
eration of nonlinear foundation models ( 4) and, to a limited 
extent, inclusion of dynamic axle loads (5). Few rigid pave
ment models have been validated by comparison with field 
experiments. Although static analysis provides a systematic 
method to quantify the load-bearing properties of a pavement 
structure, it does not lend itself to analysis of the cyclic stresses 
and strains caused by the moving dynamic loads of a passing 
truck. At best the static analysis methods only allow static 
responses from the analytical computations to be compared 
with experimental measurements. In the absence of a devel
oped methodology for computing localized response to a pass
ing truck, the analyst is hindered in studying the mechanics 
of the truck loading and pavement response process. 

In NCHRP Project 1-25(1) (6), the interaction of trucks 
and pavements is being investigated by an analytical ap
proach. The analytical tools that have been developed in the 
conduct of this work provide an opportunity for the first time 
to compare theoretical predictions of strain time histories by 
rigid pavement models with experimental measurements. The 
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methodology used and the agreement that can be obtained 
with experimental measurements are described in the follow
ing paragraphs. 

RIGID PAVEMENT MODEL 

The most commonly accepted method of modeling rigid pave
ment structures is with a finite element representation of the 
slab supported by an elastic base. Numerous models have 
been developed for this purpose (3, 7-10), most being func
tionally similar to the ILLI-SLAB program developed by the 
University of Illinois (7), which was made available for use 
in this work. 

ILLI-SLAB is a static model capable of calculating pave
ment response at any location as a consequence of a single
point load defined by a pressure applied to a contact area. 
The input to ILLI-SLAB is a parameter list describing the 
pavement design, the finite element mesh to be used, and the 
load and its application point. The pavement design param
eters are thickness of slab and subbase (if any), elastic mod
ulus of the slab and subbase, modulus of subgrade reaction, 
and joint information (such as load transfer devices and width 
of joints). Dowels are described in terms of material prop
erties and dimensional information. Special attention is given 
to joints allowing treatment in four ways: doweled joints, 
joints with aggregate interlock, joints with dowels and aggre
gate interlock, and free joints. For doweled joints, torsion, 
moment, and shear effects of the dowel bars can be selectively 
considered. 

The finite element mesh is described by the coordinates of 
a rectangular grid of nodes. Up to 10 slabs can be modeled 
in the longitudinal direction, but this procedure requires con
siderable computer memory. It is usually necessary to model 
at least three slabs with two joints to properly represent end 
effects. The load is defined by a pressure acting over a rec
tangular area on the pavement slab. The program calculates 
the stresses and deflections at each node of the finite element 
mesh. It generates a printed output of the response at all 
points selected by the user. 

In order to calculate the pavement response to a load mov
ing along the surface, an approach that incorporates influence 
functions can be used. Because the load from a truck wheel 
moves along a wheelpath, it is sufficient to know how the 
stress or strain response at a point of interest is influenced by 
a load applied anywhere on the wheelpath. This relationship 
between applied load and the response at a point of interest 
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is called an influence function. The influence function is de
fined as follows: 

(1) 

where 

l,i = influence function for Point j caused by a load at Point 
i; 

Ri = response (stress, strain, or deflection) at Point j; and 
L, = load at Point i. 

Because the pavement models are linear, the influence 
function is not load dependent, and the response to loading 
from the multiple wheels of a truck can be determined by 
superposition of the responses to individual wheels . 

The ILLI-SLAB model was modified to calculate influence 
functions by adding a subroutine that runs the model se
quentially with a unit load applied at each point along a de
fined wheelpath. In the modified form the program saves the 
response at every node in a file, with separate files for each 
load position. Names are automatically assigned to each file 
using a common prefix and sequential numbering. At the 
completion of the run, the files are reprocessed to obtain the 
influence function for all selected node positions . This pro
cedure is accomplished by extracting the response for the 
point of interest from the file for each load position and saving 
it in an influence function file for that point. In addition, the 
program performs certain housekeeping functions, such as 
maintaining a record of file identifications and the load and 
response positions. 

The modified version of ILLI-SLAB can be run in desktop 
computer environments but requires at least 8 megabytes of 
random access memory (RAM) . The computation time, of 
course, depends directly on the finite element mesh size and 
the number of load positions along the road. (For example, 
a 40-ft slab with a 3-in. node interval takes about 1 min 20 
sec of computation time per load position on a Macintosh Ilci 
computer.) Although computation time may be lengthy, once 
the calculations have been completed for a given pavement 
design, the output can he storecl on clisk and the calculations 
need not be repeated. The influence functions can then be 
used to determine the response to any arbitrary set of dynamic 
wheel loads. 

A typical influence function for stress in the longitudinal 
direction at a point on the bottom of a 40-ft x 12-ft x 9.5-
in. slab near its midpoint is shown in Figure l. The pavement 
response to a moving load is readily seen in the influence 
function. As a tire approaches, compressive stress begins to 
build but changes sharply to a much larger tensile stress when 
the tire is directly above the point. The reverse pattern is 
observed as the tire departs from the point of interest. The 
overall area in which the function is nonzero is the deflection 
basin . The influence functions for all regions in the interior 
of the slab are similar to that shown in the figure . 

The influence functions of points near joints, cracks, or free 
ends may have much different characteristics. A typical in
fluence function for a point near a crack or joint is shown in 
Figure 2. Influence functions of these forms can be used in 
analyzing pavement response due to moving dynamic vehicle 
loads. 
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FIGURE 1 Typical theoretical influence function for 
longitudinal stress at bottom surface in mid-region of a slab. 
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FIGURE 2 Theoretical influence function for response at top 
of the slab near a crack. 

COMBINATION OF LOADS WITH INFLUENCE 
FUNCTIONS 

Once the influence functions are obtained, they are combined 
with records of truck dynamic wheel forces to produce a time 
history of the pavement response at the point of interest. The 
process is one in which the influence function is combined 
with dynamic load histories for all wheels of the truck. For 
every time step, the position of each wheel on the road surface 
is determined along with its instantaneous load. The response 
in the pavement is then compared for the loads from all the 
wheels at their respective positions according to the following 
equation: 

ti 

R/t) = L lu L,(t) (2) 
i=I 

where 

Rit) response at Point j at time t , 
L,(t) load at Point i at time t, and 

n number of wheels on the truck . 



Nasim et al. 

Repeating this process for every time step as the truck 
passes in the vicinity of the point of interest produces the 
stress or strain time history for that point. Calculating the 
response in this manner is only valid when the pavement 
response is proportional to the applied load, and it neglects 
any dependency on inertia or damping of the pavement. 

The program RIGID COMBINE was written to perform 
the combination process for rigid pavements. The program is 
configured to accept dynamic wheel loads from any source, 
providing they are in a standard format. Thus, it can be used 
to predict pavement response either from records of wheel 
loads measured on a truck or from an analytical model of 
vehicle dynamics. 

The combination is performed by selecting a starting point 
for the truck at which the leading tire is sufficiently distant 
from the point of interest that the influence function is zero. 
The truck is moved along in a series of discrete time steps, 
and for each step the aggregate response is computed at the 
point of interest from the combined influence of all the truck 
tires. The procedure is as follows: 

1. Find the position of each tire relative to the point of 
interest, 

2. Look up the value of the influence function for a unit 
load at the position of each tire, 

3. Look up the dynamic load that each tire is exerting on 
the road at this instant, 

4. Scale the influence of each tire by the dynamic load to 
get the component of response caused by that tire at the point 
of interest , and 

5. Sum up the response due to all the tires. 

This sum is the response at the point of interest to all wheels 
of the truck for the particular time step. To get a complete 
time history of the response, the computation is repeated for 
a series of time steps selected to be small enough to reflect 
the rapid variations in dynamic wheel loads and the rapidly 
changing position of the wheels on the slab. Generally, time 
steps corresponding to about 3 in. of truck movement along 
the slab are necessary. Once the influence functions and truck 
dynamic loads are determined, calculation of road response 
using the method previously described can be carried out for 
the whole slab on a desktop computer in under a minute. 

The output of the combination is a time record of pavement 
response due to vehicle dynamic wheel loadings. An example 
of a calculated response derived from measured truck dynamic 
wheel loads is shown in Figure 3. The figure shows the stress 
response in the longitudinal direction at a point on the bottom 
surface of a 40-ft x 12-ft x 9.5-in. slab, at a location 29 ft 
from the upstream end, on the nearside edge, when traversed 
by a three-axle straight truck . The first tensile peak is the 
response when the steering axle goes over the point of inter
est; the other two peaks correspond to the two rear axles . 

FIELD EXPERIMENTS 

Experiments were conducted on instrumental rigid pavement 
sections of US-50 near Carlyle , Illinois, using an instrumented 
truck to acquire data for validating vehicle and pavement 
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FIGURE 3 Calculated response on bottom surface of a 40 ft 
x 12 ft X 9.5 in. slab at a location 29 ft from upstream end, 
on nearside edge. 
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models (6). The pavement construction was reinforced port
land cement concrete slabs, 40 ft in length , laid on a stabilized 
subbase. The test section was a 9.5-in.-thick slab with a 4-in. 
subbase of econocrete. The joints were doweled. The pave
ment was instrumented by the University of Illinois and the 
Illinois Department of Transportation at the time of construc
tion (JJ) . Strain gauges were installed! in . from the top and 
bottom surfaces of the slab according to the layout shown in 
Figure 4. Odd numbers correspond to gauges on the top sur
face of the slab and even numbers to gauges on the bottom. 

A three-axle straight truck was provided by the PACCAR 
Technical Center on which the axles were instrumented with 
strain gauges and accelerometers appropriate for measuring 
the dynamic forces imposed on the road (6) . Static tests , as 
well as dynamic tests over the speed range of 0 to 60 mph, 
were conducted on various test sections. A typical example 
of measured dynamic wheel forces is shown in Figure 5. 

The University of Illinois provided instrumentation for 
measuring and recording pavement strains. The combined 
instrumentation systems were configured to record dynamic 
loads under each of the truck wheels simultaneously with the 
pavement strains, using a common marker signal to synchro
nize the records and to provide precise measurements of the 
longitudinal position of the vehicle as it passed over the test 
site. The lateral location of the moving wheels relative to the 
gauges is important, affecting both the magnitude and shape 
of the strain histories. Therefore, means were provided in the 
testing to record the lateral position of the truck wheels. 

An example of the measured strain response of Gauge 4 is 
shown in Figure 6 for a test speed of 50 mph. As the truck 
front wheel approaches the gauge, a low-level compressive 
stress builds and then rapidly changes to a much larger tensile 
spike as the wheel moves over the top of the gauge. When 
the front wheel leaves the gauge, the stress returns to 
compression. The approach of the leading tandem axle adds 
to the compression until the axle arrives at the gauge and 
again creates a tensile peak. The gap between the leading and 
trailing tandem axles is large enough that the stress can di
minish between the axles but not revert to compression. The 
third tensile spike occurs as the trailing axle passes over the 
gauge. As the trailing tandem axle leaves the gauge, the stress 
reverts to low-level compression, diminishing to zero as the 
truck departs. 
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currently with the pavement responses. These loads were used 
as input to the pavement model to eliminate errors arising 
from uncertainties in the truck loading in the comparison. 
RIGID COMBINE was used to calculate the time histories 
of the strains in the pavement under the actual truck dynamic 
load conditions. u 
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FIGURE 6 Measured response of Gauge 4, 50 mph. 

Figure 7 compares simulated and measured strains for Gauge 
4 for one of the tests . As evidenced by this graph, very good 
agreement is possible, particularly in prediction of the shape 
and magnitudes of the tensile strains. In early simulations, 
the agreement was not as good as that shown in the figure 
because all the pavement parameters (particularly the subbase 
modulus) were not known precisely. Recognizing this fact, 
the pavement parameters were varied within the range of 
possible uncertainty to pick values that showed the best agree
ment. The main disparities in Figure 7 occur in prediction of 
the compressive strains , but because they are generally of low 
level and are not damaging to the slab, the agreement here 
is less critical. 

VALIDATION RESULTS 

As a step in validation of the rigid pavement model used in 
NCHRP Project 1-25(1) (6), the strains calculated by the 
pavement model were compared with those experimentally 
measured by a number of gauges in the test pavement . The 
dynamic loads generated by the truck were measured con-

Gauge 4 is located in an area of the slab that is distant from 
any joints or cracks. Near a joint or crack , the behavior of 
pavement may be markedly different , depending on the load 
transfer across the discontinuity. If the load transfer charac
teristics are very good , the response in that region will be 
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FIGURE 7 Comparison between measured and calculated 
responses of Gauge 4, SO mph. 

1.2 

similar to that of a continuous pavement. However, if the 
load transfer is poor, stress reversals can occur. 

The test slab had a full-depth transverse crack 2.5 ft ahead 
of Gauge 1 resulting from shrinkage early in the life of the 
pavement. To model the crack, an additional weak joint was 
mtroduced in the finite element model at that location in the 
slab . (The geometry of the slab, crack, and gauges is shown 
in Figure 4.) The measured and calculated response of Gauge 
1 is shown in Figure 8. 

Before the front wheel of the truck crosses the crack, Gauge 
1 experiences only a low level of tensile strain due to the poor 
load transfer across the crack (presumably caused by aggre
gate interlock or some continuity in the reinforcing mat) . As 
the axle advances across the crack, the gauge immediately 
e_xpenences a large tensile strain, which changes to compres
s10n as the wheel reaches the gauge. On its departure, the 
strain relaxes again to approximately zero. 

This pattern is repeated approximately 3 sec later when the 
leading tandem axle crosses the crack. Initially, the gauge 
goes into tension, which changes quickly to compression as 
the axle passes across the gauge. The reduction of the com
pressive stress as the axle leaves the gauge is accelerated by 
the approaching load of the trailing tandem axle , 50 in. behind 
the leading axle . When the trailing axle crosses the crack, its 
response is superimposed on that of the previous axles. The 
prediction of the compressive strain as the leading tandem 
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axle crosses the gauge is not very accurate-the error prob
abl_y being due to the uncertainty about load transfer prop
erties of the crack. The prediction of strain under the influence 
of the trailing axle is more accurate for this portion of the 
c~cle because there is no longer any load on the upstream 
side of the crack; therefore, there is no significant load trans
fer effect to be taken into account. After all axles have passed 
the gauge, the strain returns to compression and then relaxes 
to zero in a fairly predictable fashion . 

The effectiveness of the load transfer across a crack has a 
strong influence on the strain cycles produced in the slab in 
the vicinity of the crack. Figure 9 shows how the predicted 
strain history at the Gauge 1 position varies with the load 
transfer effectiveness. With full load transfer (no crack), the 
top surface experiences a low-level tension broken by com
~ressive strain peaks as the wheels pass over the point of 
mterest. In the case of no load transfer, large tensile strains 
are experienced as each wheel traverses the crack. For inter
mediate levels of load transfer, an intermediate response is 
obtained. 

The measured response shown in Figure 8 presents one 
example of how the test pavement behaved at Gauge 1 under 
loading from the truck, but, by and large, the load transfer 
obtained at the crack was inconsistent from test to test. Figure 
10 shows the results from Gauge 1 for three repeat tests at a 
nominal speed of 5 mph on the site. The major features in 
the strain cycles are repeatable. However, the strains in Re
gion A of Figure 10 (when the leading tandem axle ap
proached the crack) are quite erratic . Comparing the mea
sured response with the predictions in Figure 9, it would appear 
that the load transfer effectiveness varied significantly be
tween tests-in one case behaving similar to the full load 
transfer case and in another approaching the no-load transfer 
case. Examination of the truck dynamic load records indicated 
that this marked variation from test to test was not due to 
variations in the dynamic loads on the axles of the truck 
which were quite repeatable. That the strain varied erraticall; 
in this region in the course of individual tests leads to the 
conclusion that the load transfer mechanism is inconsistent. 
Such behavior might be expected from a nonlinearity that is 
heavily dependent on friction. 

Testing at different speeds revealed an additional phenom
enon in the pavement that is not fully explained. As the test 
speed increased, greater levels of tensile strain were observed 
with the approach of the leading tandem axle. Figure 11 shows 
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example strain records from Gauge 1 at five speeds for this 
test section . The most remarkable observation is the very high 
level of tensile strain experienced as the leading tandem ap
proached the crack at high speed. The tensile strain of 15 
(µin.fin.) seen at 5 mph is indicative of the strain from the 
weight of the leading tandem axle as it mounts the cantile
vered end of the slab. At 60 mph, the tensile cycle reaches 
more than twice that amplitude. Examination of the axle load 
records for the truck showed only moderate dynamic varia
tions, not nearly large enough to account for doubling of the 
strain . Therefore , this effect must be attributed to a phenom
enon in the pavement. 

Comparison of the maximum tensile strains at the bottom 
of the slab (as shown in Figure 6) and the tensile strain at the 
top of the slab near the crack (as shown in Figure 11) reveals 
that the top surface strains can be 70 percent higher. Simu
lations with the pavement model indicate that even larger 
tensile strains can occur on the top of the slab at a distance 
of 5 ft from the crack . Although traditional analyses assume 
that the primary failure mode for rigid pavements arises from 
cracks starting at the bottom of the slab due to the tension 
of flexural loading, these observations indicate that larger 
tensile strains can occur on the top surface if a shrinkage crack 
forms. These same mechanisms would be at work when a 
joint loses its strength. In either case, a secondary crack is 
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likely to initiate on the top surface several feet from the 
discontinuity. 

In general the experimental data do not show the pavement 
response increasing with travel speed of the truck in regions 
distant from the crack. Figure 12 compares the strain mea
sured on Gauge 4 at 5 and 60 mph. The reduction in the 
magnitude of the strain peaks at 60 mph under the first and 
last axles is not explained by changes in dynamic axle loads 
or by lateral tracking errors. This finding was established by 
computing the pavement response for the measured truck 
loads and comparing them with the measured response at each 
speed, using only tests in which the wheeltracks passed within 
2 in. of the strain gauge location. Figure 13 shows the ratio 
of measured to predicted strain at Gauge 4 as a function of 
speed. Although there is scatter in the data, a significant trend 
with speed is ilpparent. The response appears to increase 
slightly at low speeds and to decrease at higher speeds. Speed 
dependence has been observed in other experimental studies , 
particularly for flexible pavements (12), although the initial 
increase with speed observed here is unusual. In Figure 13 , 
the speed dependence is thought to be caused by dynamic 
motion of the slab due to its significant mass (which is the 
same order of magnitude as the truck) and damping in the 
foundation. (These characteristics were not included in the 
finite element model.) In general, it is difficult to measure 
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the speed effect accurately because of the influence of dy
namic axle loads. This problem has been overcome by in
cluding the dynamic loads in the theoretical response calcu
lation, which is a significant benefit of the calculation procedure 
developed in this study. 

Although these data are inconclusive, they are included to 
show the contrast with pavement behavior near a crack and 
to illustrate that, under some conditions, rigid pavement re
sponse in interior regions of the slab can diminish with in
creased truck travel speed. 

CONCLUSIONS 

A method has been developed for calculating the time history 
of the response of a rigid pavement to moving dynamic loads 
of trucks. The method, validated with a program of experi
mental measurements, has provided the following insights 
into rigid pavement behavior: 

• Typical finite element models of rigid pavements, such 
as ILLI-SLAB, are capable of predicting responses to static 
loads when pavement properties are known. Coupling these 
models with programs that allow computation of strain time 
histories at a point in the pavement (MODIFIED ILLI-SLAB 
and COMBINE) provides a new and powerful tool for in
vestigating truck-pavement interaction. 

• Experimental measurements of strain induced by truck 
wheel loading show large tensile strains on the top surface of 
the slab associated with the wheels traversing a crack. This 
mechanism would encourage development of secondary 
cracks in the top surface several feet from the location of a 
shrinkage crack. The theoretical pavement models can predict 
the qualitative behavior of response in the vicinity of a crack 
but are limited by the uncertainty and variability of the load 
transfer properties of the crack. 

• The experimental data give some evidence that strains in 
the interior region of a slab diminish with increasing speed of 
travel but may increase with speed in the vicinity of the crack. 
The existing pavement structural models are not able to pre
dict this speed-dependent behavior. 
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