
Transportation Research Record 756 33 

Dynamic Surface Deflection Measurements on Rigid 

Pavements Compared with the Model of an Infinite Plate 

on an Elastic Foundation 

ALBERT J. BUSH Ill 

The purpose of this study was to develop relations by using the Hertz theory 
of an infinite plate on a dense fluid subgrade between deflections measured at 
the point of and away from an applied load and the strength parameters of the 
pavement. An evaluation procedure was to be developed based on these rela· 
tions, known pavement characteristics, and dynamic response data collected 
with the U.S. Army Engineer Waterways Experiment Station (WES) 16·kip 
vibrator. Deflection relations were established by using a computer program 
(PCADL) developed by the Portland Cement Association. The deflections 
were related to the radius of relative stiffness (Q), which is a characteristic 
length dependent on the rigidity of the plate. Maximum stresses were predicted 
by using the General Dynamics Corporation's H-51 program. From these 
stresses, a relation was developed between the dynamic stiffness modulus, Q, 
and the allowable single-wheel aircraft load (ASWL). Both destructive and 
nondestructive vibratory data were collected on 28 different pavements. De· 
structive data were used to characterize the pavement material properties and 
then, by using conventional procedures, to predict the ASWL. Deflection 
basin data from the WES 16-kip vibrator were used to measure Q by using the 
relations developed from the PCADL program. The study concluded that non· 
destructive test data can be used with more confidence than previously devel· 
oped procedures to predict Q and ASWL as a function of Q. 

Structural evaluation of airfield pavements has been the 
subject of considerable study since the early 1900s. Until 
recently, generally accepted methods for evaluating 
pavements were visual observation and destructive testing 
in which strength parameters are determined from field and 
laboratory evaluation of the individual components of the 
pavement system. These strength parameters were applied 
to some design procedures to relate to the remaining life of 
the pavement. The disadvantage of this evaluation 
procedure is that it closes the facility for a period of up to 
five days, depending on the length of the runway and the 
depth of the study. For example, the closing of two out of 
six runways for one day at a large hub-connection airport in 
early 1975 cost airlines more than $500 000 in crew and fuel 
costs, not to mention the inconvenience to air travelers (1). 
If a nondestructive test (NOT) method had been used, the 
testing could have taken place at night when traffic is 
light. Furthermore, if wind conditions or some other factor 
had required that the particular facility be opened, the 
NOT equipment could have been removed immediately and 
traffic resumed. 

Other demonstrated advantages are that the cost of a 
nondestructive evaluation is less than conventional 
procedures and that the number of tests performed 
improves the statistical reliability of the procedure. If 
conventional procedures are used, it is not known whether 
the test location selected is representative of the section of 
pavement, whereas NDTs can be run at relatively close 
intervals to provide a reliable evaluation of the complete 
feature. 

Vibratory testing of pavements was begun as early as 
1933 by the German Research Society for Soil Mechanics. 
It was further developed by the Royal Dutch Shell 
Laboratory in Holland. 

The U.S. Army Engineer Waterways Experiment Station 
(WES) commenced vibratory testing of pavements in search 
of nondestructive evaluation procedures in cooperation with 
Shell researchers in the mid-1950s. These early tests by 
the WES followed the procedures used by the Shell 
researchers. The results of this testing were reported by 
Heukelom and Foster (2). Different methods were 
presented, including wave..:Velocity measurements, traffic 
stiffness, dynamic stiffness, and laboratory stiffness. 

The WES has selected the dynamic stiffness 
measurement for its evaluation procedure. This concept 
was first introduced by Van der Poe! (3) in 1951. He 
described it as the concept of measuring the "overall 
rigidity of road construction" by dynamic deflections. He 
defined the overall rigidity (S) as the amplitude of dynamic 
force required to act on the pavement to produce a unit 
amplitude in deflection on the surface of the pavement. 
Today, S is more commonly referred to as the dynamic 
stiffness. Van der Poel noted that S was not constant but 
dependent on the driving frequency and that, at high 
frequencies, S could be expected to increase. He also 
pointed out the possibility of errors in interpretation due to 
the existence of unaccounted for resonances and significant 
differences between applied force and actual force acting 
on the pavement. 

In recent work at the WES by Green and Hall (4), an 
evaluation procedure for both rigid and flexible pavements 
has been developed that uses the dynamic-stiffness 
concept. There is a difference in the computation of the 
stiffness factor from that introduced by Van der Poe!; that 
is, stiffness is defined at a fixed frequency of 15 Hz and 
takes into account the nonlinear response. The dynamic 
load is swept from O to 66.7 kN (0 to 15 kips) and is plotted 
on an X-Y plotter versus the dynamic deflection. The 
inverse slope of the line generated [taken at dynamic force 
levels of 44.5 and 62.3 kN (lo and 14 kips)] is called the 
dynamic-stiffness modulus (DSM) (Figure !). Van der Poel's 
stiffness was calculated as the dynamic load divided by the 
deflection. 

In the study by Green and Hall (4), DSM was correlated 
directly with allowable single-wheel-load (ASWL) for both 
flexible and rigid pavements. With this load and with other 
known parameters, the allowable gross load for a given 
aircraft was determined. 

In 1975, at the Symposium on Nondestructive Test and 
Evaluation of Airfield Pavements (1), a method was 
described for evaluation. of full-depth asphalt pavements by 
using the Hogg model of an infinite plate on an elastic 
foundation. For rigid pavements, the Hertz model was 
used. Sufficient data on full-depth asphalts have not been 
obtained for verification of the Hogg model; therefore, this 
paper will concern only rigid pavements. 

STUDY PURPOSES AND SCOPE 

The purposes of this study are 

1. To develop relations by using the Hertz theory of an 
infinite plate on a dense fluid subgrade between deflections 
measured at the point of and away from an applied load and 
the strength parameters of a pavement; 

2. To develop an evaluation procedure by using the 
relations noted here, known pavement characteristics, and 
dynamic response data collected with the WES 16-kip 
vibrator; and 

3. To compare this evaluation procedure with that 
developed by Green and Hall (_i). 

This study will be limited to rigid pavements and will 
only cover the prediction of AS W L for a given traffic 
level. Procedures already established can be used to derive 
multipl~ wheel loads for varying traffic levels. Vibratory 
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Figure 1. Typical deflection-venus~oad data 
with DSM calculations for the WES 16-kip 
vibrator. 

'0.030 

0.025 

0 

,_ 

,_ 

2 4 
I 19 MAR 73 

FACILITY: HOUSTON 
TEST NO.: 127 
HZ: 15 
LOCA~ION: RWY 8- 26 PROFILE 

I I 

6 

LOAD, KIPS 

10 

I I 

Transportation Research Record 756 

12 

I 
16 

0.0125 

OSM = S~~ij~~O = 7845 KN/CM 

0.0100 

STATION: 102 + 82.5 3.8 MN rt_ 

~ 0.020 

z' 

TYPE PAVEMENT: PCC 
t---- THICKNESS: 

OSM 7845 
TEMPERATURE: 
REMARKS: 

0 
;::: 
u i 0.015 

w 
0 

Figure 2. The WES 16-kip vibrator. 
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data were collected with the WES 16-kip vibrator, and the 
relations developed are characteristic of this vibrator. The 
nondestructive tests at each test site included frequency 
response, load deflection, and deflection basin data. Only 
the load deflection and deflection basin data will be 
considered in this report. 

TEST EQUIPMENT, PROCEDURES, AND DATA COLLECTED 

Test Equipment 

The vibrator used in collecting the dynamic pavement 
response data is an electrohydraulic-actuated vibrator, 
designated the WES 16-kip vibrator (Figure 2). This 
instrument is mounted in a 10.9-m (36-ft) semitrailer that 
conLa ins suppo1' ling power supplies and data-recording 
sy tern . Electric power is supplied by a 25-k W 
diesel-driven generator and hydraulic power is supplied by a 
diesel-driven pump that can deliver 144 L/min (38 gal/min) 
at 20.7 IVJPa (3000 psi). 

Tile force generator consists of an electrohydraulic 
actuator surrounded by a lead-filled steel box. Its total 
static weight is 7 .3 Mg (16 000 lb). The actuator uses up to 
a 5.08-cm (2-in) double-amplitude stroke to produce a 
vibratory load ranging from 0 to 66.7 kN (0 to 15 kips) with 
a frequency range of 5-100 Hz for each load setting. When 
the force generator is lowered to the pavement, its entire 
weight rests on the pavement. The static and dynamic force 
is transmitted to the pavement through three load cells that 
are connected to a steel loading plate 45. 7 cm (18 in) in 
diameter. The signal from each load cell is summed to 
produce the force output of the system. 

A velocity sensor is mounted directly on the loading 
plate, and the integrated output of the sensor is used for 
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deflection measurements. The actual measurement system 
consists of an 870-ohm, 3-Hz velocity sensor that is shunted 
to a damping factor of O. 7 and an 0.8-Hz integrator. The 
deflection basin is measured by placing four velocity 
sensors at specified distances away from the plate. A 
digital printer is used to record the output of the frequency 
counter, the summation of the three load cells, and each of 
the velocity sensors. In addition, data are plotted on an 
X-Y recorder to produce a load-versus-deflection plot. 

For destructive-type tests to determine the properties 
of the pavement layers, a small-aperture procedure (5) was 
selected. A small, trailer-mounted drill' rig (Figure 3) was 
used for cutting a core hole 15.2 cm (6 in) in diameter 
through the pavement. Through this core hole, California 
bearing ratios (CBRs) and layer thicknesses were measured 
and samples collected for laboratory classification tests. 

Test Procedures 

Small-aperture testing was conducted at each test site prior 
to vibratory testing. This procedure consists of extracting a 
15.2-cm (6-in) diameter core from the pavement, then 
measuring CBRs on the base course or courses and on the 
subgrade. Samples of each pavement layer were collected, 
and gradation tests and Atterberg limits tests were 
performed on each to classify the pavements. The portland 
cement concrete (PCC) core was tested by using the 
tensile-splitting method (6). These results were then 
converted to flexural strength (7). 

Nondestructive tests included a load-versus-deflection 
test at each site. During this test, the peak load is varied 
from 0 to 66.7 kN (0 to 15 kips) with the frequency held 
constant at 15 Hz (Figure 1 ). Also included at each site are 
deflection basin measur e ments. The load is held constant at 
a constant frequency (15 Hz) for this test. Data were 
generally collected at a constant load of 40 k N (9 kips). 
During both tests, the measurements were made at the slab 
center. Velocity pickups were placed in the direction of th e 
largest dimension of the slab so as not to traverse a joint. 

Normally a crew of three people is used, one of whom 
also serves as the driver of the semitrailer truck. To make 
the measurements, the vehicle is stopped at a measurement 
location and the force generator is lowered with the 
hydraulic lift mechanism directly through the floor of the 
semitrailer to the pavement. 

Data Collected 

Data for this study were collected during two test programs, 
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Figure 3. Small-aperture drill rig. 

Table 1. Physical properties 
of pavements that underwent 
small-aperture testing. 

PCC 
Test Site Thickness 
Number Facility (cm) 

N7 N-S runway 17.8 
NS N-S runway 17.8 
N9 E-Wrunway 25.4 
NIO E-Wrunway 17.8 
Nil E-Wrunway 17.8 
Nl3 Firehouse ramp 17.8 
NIS E-Wrunway 25.4 
Nl6 NAFECramp 38.l 
Nl7 ANG ramp 19.1 

HI Taxiway K 35.6 
H3 Taxiway K 30.5 
H7 Taxiway B 30.5 
H9 Taxiway B 31.8 
Hll Taxiway B 31.8 

JI Wrunway 24.1 
J2 Wrunway 27.9 
J3 Light-plane ramp 19.l 
J4 Wrunway 29.2 
JS Wrunway 22.2 

DFWAG AA-ramp 43.8 
DFWAC AA-ramp 43.8 
DZ3 Taxiway Z3 38.7 
TZ2969G Old terminal apron 18.4 
TZ2969C Old terminal apron 18.4 
TZIS Warm-up apron 38.7 
TZ74 ANG apron 27.9 
TA4G Warm-up apron 27.9 
TAS Warm-up apron 40.6 

both of which were sponsored by the Federal Aviation 
Administration (FAA). The first study was the development 
of the evaluation methodology reported by Green and Hall 
(4). These data were collected during the period November 
1972-December 1973. The second study was to determine if 
significant differences occurred in dynamic test data when 
pavement strength, condition, and temperature were 
varied. This study was cancelled prior to completion and, 
therefore, is not reported. Data for the 
significant-difference study were collected during the 
period June-October 1975. The following list notes the 
facilities where these data were collected and gives the 
letter designation used in this paper's tables and figures: 
National Aviation Facilities Experimental Center (N AFEC), 
Atlantic City, New Jersey (N); Houston Intercontinental 
Airport (H); Jackson Municipal Airport (J), Mississippi; 
Dallas-Fort Worth Regional Airport (DFW); Stapleton 
International Airport (DZ), Denver; Tucson International 
Airport (TZ); and Tulsa International Airport (TA), Oklahoma. 

Results of small-aperture testing are shown in Table 1. 
Classification of the base course and subgrade materials are 
presented in two forms. The first is according to the FAA 
procedure (8). The second is according to the Unified Soil 
Classification System (9); these are noted in parentheses. 

NOT results are listed in Table 2. Also listed are the 
ASWL and R. for each test pavement. The ASWL is 
computed from destructive test data and based on 1200 
annual departures and a 20-year life for an aircraft with a 
1639-cm• (254-in 2 ) contact area on a single main gear. 
The contact area is also the area of the load plate on the 
vibrator and is in the range of most of the critical aircraft 
that use today's civilian airports. 

The R., a measure of the stiffness of a PCC slab 
relative to that of the subgrade, is computed from the 
formula: 

(!) 

Flexural 
Strength Thickness k Subgrade 
(MPa) Material" (cm) (kPa/cm) Material" 

5.6 E-1 (GW) 20.3 950 E-4 (SP-SM) 
6.1 E-1 (GW) 20.3 977 E-4 (SP-SM) 
5.0 E-1 (GW) 20.3 882 E-4 (SP-SM) 
5.7 E-2 (GP) 20.3 774 E-4 (SP-SM) 
6.2 E-7 (ML-CL) 20.3 543 E-4 (SP-SM) 
6.3 E-2 (GP) 20.3 1222 E-4 (SP-SM) 
6.0 E-7 (ML-CL) 22.9 271 E-4 (SP-SM) 
5.2 1004 E-4 (GP) 
5.7 423 E-6 (ML) 

6.0 Soil-cement 22.9 556 E-6 (ML) 
6.4 Soil-cement 20.3 1018 E-6 (ML) 
6.4 E-5 (SP-SM) 14.0 1018 E-6 (ML) 
6.1 E-5 (SP-SM) 29.2 1154 E-6 (ML) 
6.2 E-5 (SP-SM) 27.9 1222 E-6 (ML) 

5.2 Soil-cement 15.9 516 E-7 (CL) 
5.0 Soil-cement 10.1 475 E-7 (CL) 
5.1 Soil-cement 12.0 624 E-7 (CL) 
4.9 Soil-cement 15.2 529 E-7 (CL) 
6.7 Soil-cement 20.3 570 E-7 (CL) 

5.1 CSBb 23.5 543 E-11 (MH) 
5.1 CSBb 23.5 543 E-11 (MH) 
6.0 CSBC 15.2 1357 E-2 (SM) 
5.2 909 E-5 (SC) 
5.2 909 E-5 (SC) 
4.9 SSGd 12.7 1235 E-4 (SC) 
5.4 1140 E-7 (CL) 
4.6 E-1 (SW-SM) 20.3 543 E-8 (CH) 
5.3 E-1 (SW-SM) 20.3 543 E-7 (CL) 

:FAA dDS~fic.a tlon Is Qivt!n lirst; Unlflud SoH C/ass.Ulcatlon GPJ)1!~rs in p1JtC1tUheses. 
CSB = cemnn1 .. 1sblll2ed base (clov urovol) over 4~.5 cm (1 ?.5 lt1l of llme .. tabilized clay. 

c CSB = coment·sU!bl ll zad baae ove~ 30.6 crJ1 '12. ir1I o f comonMtcoted 1t1nd. 
dSSG = uubill>•d41111d orovol. 
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Table 2. ASWL, DSM, and Q 
for pavements. Q (cm) 

Predicted 
Test Site ASWL DSM 
Number (t) (kN/cm) Computed l:J.102/l:J.o l:J.132/l:J.o l:J.102/l:i.46 l:J.132/l:i.46 

N7 11.9 3187 61.2 58 66 56 66 
N8 13.0 2592 60.7 53 58 53 61 
N9 17.8 3187 81.5 56 61 61 66 
NIO 11.7 4273 64.3 69 81 69 81 
Nil 11.9 1767 70.4 71 76 69 76 
Nl3 14.l 4098 57.4 84 91 74 86 
Nl5 17.8 4623 109.2 66 74 66 79 
Nl6 35.8 6515 106.9 81 99 74 99 
Nl7 11.6 2294 78.7 69 79 66 81 
HI 39.0 6164 90.2 84 107 117 130 
H3 35.8 8406 89.9 99 122 135 157 
H7 30.9 6270 88.6 99 127 122 157 
H9 32.l 4623 125.7 97 122 124 155 
HI! 32.5 6480 96.8 89 114 117 150 
JI 18.l 5149 95.8 119 122 130 127 
J2 19.6 3100 104.1 157 155 183 168 
J3 12.8 3608 76.5 81 84 86 89 
J4 21.7 5114 106.7 117 132 119 145 
JS 23.2 3082 93.0 89 99 107 117 
DFWAG 45.4 8336 145.8 84 99 175 185 
DFWAC 45.4 5709 145.8 66 81 226 175 
DZ3 48.0 7565 104.4 74 89 356 246 
TZ2969G 11.5 1909 63.5 86 86 94 91 
TZ2969C 11.5 1716 63.5 81 84 89 89 
TZ15 38.2 3485 106.4 71 86 150 152 
TZ74 23.3 2907 81.3 89 102 140 130 
TA4G 17.7 3187 99.0 .J04 114 124 132 
TA5 36.8 5359 132.l 152 173 183 208 

Figure 4. Deflection versus distance from centerline of load plate for pavements tested during the Green and Hall study. 
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where In this study, these assumptions were made for concrete: 

R. =radius of relative stiffness (cm), 
E =modulus of elasticity of concrete (Pa), 
h =thickness of PCC slab (cm), 
µ=Poisson's ratio of concrete, and 
k =modulus of soil reaction (Pa/cm). 

E = 27 .6 GPa (4 000 000 psi) andµ= 0.15. 
Deflection basin data are presented in Figures 4 and 5. 

Data were collected at a constant frequency of 15 Hz and a 
peak dynamic load of 40 kN (9 kips). Data presented in 
Figure 4 were collected during the Green and Hall study (4). 
Velocity sensors were located at 38, 74, 104, and 132 cm 
(15, 29, 41, and 52 in) from the center of the plate. Data in 
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Figure 5. Deflection versus distance from centerline of load plate for pavements tested during the significant-difference study. 
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Figure 5 were collected during the significant-difference 
s tudy. During this study, velocity sensors were located at 
46, 91, 183, and 274 cm (18, 36, 72, and 108 in) from the 
center of the plate. 

DATA ANALYSIS 

Development 

The method that will be further developed here is based on 
the two-component Hertz model of an infinite elastic plate 
on a dense fluid subgrade. 

Heinrich Hertz, the physicist, solved the problem of the 
deflection of an elastic plate floating on a heavy fluid acted 
on by a point load (10). In developing the mathematical 
formulation, the vertical strain in the plate is ignored, the 
horizontal shear stresses at the base of the plate are 
assumed to be equal to zero, and the vertical contact stress 
is assumed to be proportional to the vertical displacement. 
This model is essentially the well-known spring model 
frequently used in soil mechanics and associated with E. 
Winkler (ll). 

The two physical parameters characterizing the system 
as described by Hertz are R. and k, where R. is a 
characteristic length depending on the rigidity of the plate 
and the density (k) of the fluid. Hertz developed his theory 
because he became interested in the problem of the 
equilibrium of a floating sheet of ice on which a man 
stands. Though Hertz was primarily concerned with the 
deflection of the ice, he also calculated the resulting 
stresses and, hence, the failure load for various thicknesses 
of ice assuming values of the failure stress, Young's 
modulus, and Poisson's ratio. 

Hertz's model has been used by Westergaard as a basis 
for calculating the stresses induced in concrete slabs on soil 
subgrades (_G). The soil subgrade is assumed to behave in a 

manner analogous to that of the heavy fluid, providing a 
vertical reaction proportional to the vertical displacement 
of the slab. The constant of proportionality is known as the 
coefficient of subgrade reaction (k), has the same 
dimensions as density, and is assumed to be independent of 
the geometry of the loaded area. 

Determination of k has been a weakness of the NDT and 
e valuation procedure currently in use at the WES. In order 
to predict the allowable loads of multiple-geared aircraft, k 
must be measured destructively or assumed by using known 
material properties. This assumption may not be valid in 
cases of varying moisture conditions, differences in 
compaction effort in construction and due to traffic, and 
variations in subgrade properties over the length of feature 
evaluated. 

The method that will be developed will use the 
deflection basin measurements to predict R.. By using this 
R. and DSM, the ASWL will be predicted. 

Prediction of R. 

By using influence charts for the area loadings, relations 
between a deflection basin and R. can be developed. To 
generate the needed deflection data, a computer program 
(PCADL) obtained from the Portland Cement Association 
was used. This program computes deflections of a pavement 
on a liquid subgrade (Hertz model) by using influence areas. 
The relations shown in Figure 6 were developed. Plotted are 
the deflection ratio (i.e., the deflection Ar at an offset 
distance r divided by the center deflection Ao) as a 
function of the offset distance. The following properties 
were held constant while thickness (h) and the coefficient of 
subgrade reaction (k) were varied: load = 40 kN (9 kips); 
contact area= 1639 cm 1 (254 in1

) on a single wheel; 
E = 27 .6 GP a (4 000 000 psi); andµ= 0.15. 

Because the load plate on the vibrator is nearly rigid and 
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Figure 6. Relations for Q by using 
a deflection at the point of the 
applied load. 
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to eliminate any edge effects, the relation shown in Figure 7 
was developed. In this case, the deflection ratio consisted 
of dividing the deflection at an offset distance r by the 
deflection 46 cm (18 in) away from the center of the 
1639-cm' (254-in2 ) loading area-i.e., 23 cm (9 in) from 
the edge of the plate. This offset distance was selected 
because it was the location of a pronounced break in the 
slope of the deflection basin (Figure 5). 

By using the deflection basin data (Figures 4 and 5) and 
the curves developed from the computer program (Figures 6 
and 7), .v, was obtained for offset distances (r's) of l 02 and 
132 cm (40 and 52 in), respectively. These values are shown 
in Table 2 and will be noted as measured values because 
they were derived from measured deflection basin data. 

To assess the accuracy of the prediction, a linear 
regression analysis was performed by comparing each group 

eo 12.0 

OFFSET 015 rANCE ~,CM 

measured (tm) with those computed (tel from 
destructive data. The results of this analysis are shown in 
Table 3. 

Although the best-fit line for the data that use Lio 
showed that the variables were nearly equal, the correlation 
coefficient was very poor. A good correlation coefficient 
was obtained when the deflection at 132 (t113z) cm (52 
in) was divided by the deflection at 46 (t14s) cm (18 in). 
These data are presented in Figure 8. 

Prediction of AS W L 

In the procedure developed by Green and Hall (4), DSM was 
correlated directly to ASWL. It has been proposed that 
another variable (a.) be interjected into this concept (l ). 

To develop this relation, two computer programs were 
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Figure 7. Relations for Q by using a deflection 
46 cm from the applied load. 
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Table 3. Results of linear regression analysis of Rm and Q c based on destructive 
data. 

Deflection Equation for Standard Error 
Ratio Best-Fit Line Correlation of 
Location Through 0.0 Coefficient Estimate (cm) 

6102/60 Qc = 1.009 7 Rm 0.3567 23.5 
6132/60 QC= 0.899 88 Qm 0.4696 22.2 
6102/~6 QC= 0.657 07 Qm 0.5950 20.2 
6132/646 QC= 0.699 35 Qm 0.7296 17.2 

used. The PCADL program described previously was used to 
determine the deflection under an applied load. The 
deflection was converted to DSM by dividing the load in kips 
by the deflection for a given set of pavement properties. 
These properties were used as input to the H-51 program, 
developed by General Dynamics Corporation, that calculates 
the maximum stress in a slab when an edge load is applied. 
It should be noted that NDT data were collected at the slab 
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OFFSET DISTANCE r , IN 

60 80 100 120 

OFFSET DISTANCE r • CM 

center. More consistent results can be obtained because the 
DSIVI at this location is least affected by edge condition and 
joint type. 

Tl1e H-51 program is based on the Westergaard equations 
for a slab over a liquid subgrade. In a paper by Pickett and 
J{ay (13), solutions for the Westergaard equations were 
presented in the form of influence charts that greatly 
simplified the determination of the tlleoretical deflections 
and moments caused by wheel loads on pavement slabs. 
These charts were digitized in the H-51 program. The 
progTam actually counts the number of influence areas as a 
function of t, contact area, and gear configuration. The 
moment (M) produced by a single wheel is then computed 
according to the following formula: 

M = qQ2 N/l 0 000 (2) 

where 

M =moment at point 0 on the chart (N•rn); 
q =load intensity on the contact area obtained by 

dividing the wheel load by the contact area (Pa); 
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Figure 8. Correlation between Q from deflection measurements 
(Ll.132/Ll.46) and Q computed from pavement properties. 

Figure 9. ASWL versus DSM for varying Q values. 
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RADIUS OF RELATIVE STIFF NESS 
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Table 4. Predicted ASWL values based on destructive 
data and I inear regression analysis'. 
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Standard 
Correlation Error of 

Deflection 
Ratio 
Location Equation Coefficient Estimate (t) 

ASWL = 1.427 predicted ASWL 
ASWL = 1.245 predicted ASWL 
ASWL = 1.005 predicted ASWL 
ASWL = 0.974 predicted ASWL 

0.666 
0.745 
0.865 
0.904 

9.2 
8.3 
6.2 
5.3 

PREDICTED ALLOWABLE SINGLE-WHEEL LOAD. KIPS Figure 10. Correlation between ASWL from deflection 
measurements (DSM, uncorrected Q, t.132/t.461 to 
ASWL computed from pavement properties. 

20 40 60 80 100 140 

Vl 
z 
0 .... 
'-' 

50 

(( 40 
.... 
w 
:;; 

ci 
<1: 
0 
-' 
-' 30 
w 
w 
I 
s: 
I 

w 
-' 

~ 20 
Ul 

w 
-' 
CD 
<1: 
s: 
0 

120 

~ 
;;; 
ci 
<1: 
0 
-' 
-' 
w 
w 
I 

'f 
w 
-' 
(.'.) 
z 
Ul 

w 
-' 
CD 
<1: 
s: 
0 
-' 
-' 
<1: 

~ 1ot---7"'~-:f~___,,......-+~~~-1-~~~-t-~~~+-~~~1--~~--120 
<1: 

0 10 20 30 40 50 60 

PREDICTED ALLOWABLE SINGLE· WHEEL LOAD. METRIC TONS 

R. =radius of relative stiffness of the pavement (m); and 
N =number of influence areas, including fractional parts, 

falling within the scaled footprint. 

The edge stress (cre) produced by the wheel is computed 
as follows: 

a.= 6M/h2 

where 

"e =edge stress (Pa), 
M =moment due to wheel load (N•m), and 
h =thickness of PCC slab (m). 

(3) 

This stress must then be equated to the allowable stress in 
the slab. The procedure used in this case was reported by 
Hutchinson (.!_!)and is as follows: 

R =a. (DF)(LT) 

where 

R =design flexural strength of concrete (Pa), 
"e =edge stress (Pa), 

(4) 

DF =design factor based on repetitive loading and 
stresses (1.3 is used in this study), and 

LT =load-transfer factor (it is assumed that 25 percent 
of the load is transferred by the joint in this study; 
therefore, this value is 0.75). 

By rearranging factors, the following will result: 
"e = R/0.975. If R is assumed, curves as shown in Figure 
9 can be developed. In this case, a 4826-kPa (700-psi) R was 
assumed. 

Two methods of predicting ASWL were tested. First, the 

values for R. measured from the basin data (Table 2) along 
with the measured DSMs were used for input to Figure 9. 
These values of ASWL were compared with the values 
determined from destructive test data, and k was 
determined by using the small-aperture procedure of 
measuring CBR and converting CBR to k (5). R was 
determined from the tensile-splitting tests. The results of 
the linear regression analysis are shown in Table 4. Again, 
as with R., the t.132/ll46 produces the best 
correlation (Figure 10). This is an improvement over the 
corl'elation presented by Green and Hall (4). In tha t study, a 
modulus of PCC of 41.4 GPa (6 million psi) and a Poisson's 
ratio of 0.2 were used. Later, these data were presented by 
Hall (!.:V with a modulus value of 27 .6 GPa (4 million psi) 
and a Poisson's ratio of 0.15. The regression analysis data 
for both studies are given in Table 5. The use of R. 
computed from the basin data along with DSM produced a 
much better correlation coefficient with about the same 
standard error. 

The next comparison would be to use the corrected R., 
along with DSM, to predict ASWL. In the previous 
correlation, the value for R. was taken directly from 

either Figure 6 or Figure 7. In this comparison only, the 
t.132/ll46 data will be used, and the value of R. 
will be corrected for the correlation shown in Figure 8, i.e., 
the value of R. from Figure 7 will be multiplied by 0.699. 
A correlation with these values produced a standard error of 
5.6 t (12.3 kips) and a correlation coefficient of 0.90, as 
shown in Figure 11. In this case, the R. would be of the 
correct magnitude. The correlation coefficient is the same, 
but the standard error is larger when the uncorrected R. is 
used. 

By using the corrected R., a value for k can be derived 
if a value for E and µ for PCC is assumed. It is 
recommended that engineering judgment be used in 
interpreting k from these types of data because variations 
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Table 5. Summary of regression analysis studies to 
predict ASWL. 

Figure 11. Correlation between ASWL from deflection 
measurements (DSM, corrected Q, A132/A46) to ASWL 
from pavement properties. 
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Standard 
Correlation Error of 

Equation Coefficient Estimate (t) 

ASWL = 0.178 DSM 0.77 ±5.3 
ASWL = 0.1896 DSM 0.77 ±5.6 

PREDICTED ALLOWABLE SINGLE-WHEEL LOAD. KIPS 
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from commonly used values will occur. It should be 
remembered that R. is also a function of h, E, and µ, 
which can vary and influence its value. 

SUMMARY 

The purpose of this study was to develop relations by using 
the Hertz theory of an infinite plate on a dense fluid 
subgrade between deflections measured at the point of and 
away from an applied load and the strength parameters of 
the pavement. An evaluation procedure was to be developed 
that would be based on these relations, known pavement 
characteristics, and dynamic response data collected with 
the WES 16-kip vibrator. 

The PCADL program was used to predict deflections at 
the point of and away from an applied load. The deflections 
were related to the radius of relative stiffness (.i.). 

The H-51 program was used to predict maximum stresses 
in the PCC pavements. From these stresses, a relation was 
developed between DSM, R., and ASWL. 

Both destructive and nondestructive vibratory data were 
collected on 28 different pavements. Destructive data were 
used to characterize each pavement's material properties 
and then, with conventional procedures, to predict ASWL. 
Deflection basin data from the WES 16-kip vibrator 
determined .t by using the relations developed with the 
PCADL program. Also, R. and DSM were used to predict 
ASWL. 

Based on the results of this .study, it is concluded that (a) 
NDT data from the WES 16-kip vibrator can be used to 
predict .t, therefore eliminating the need to assume 
values of Young's modulus, Poisson's ratio, and modulus of 
soil reaction, and (b) the ASWL can be predicted by using 
either the measured R. or a corrected R. with a higher 
degree of accuracy than relations developed in earlier 
studies. 

It is recommended that these relations for R. and 

ASWL, based on deflection basin data, be adopted and 
integrated into the evaluation procedures currently in use 
for rigid pavements. 
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Fatigue Cracking of Asphalt Pavements 

D. V. RAMSAMOOJ 

This paper validates a theoretical expression for the rate of fatigue crack 
propagation experimentally for asphalt concrete and sand asphalt beams sup
ported on an elastic solid. The properties of the materials were determined 
experimentally from fracture tests on simply supported beams, and the rates 
of crack propagation under fatigue loading were determined from fatigue tests 
on the beams that were supported on an elastic solid. The results for the rates 
of crack propagation predicted from the fracture tests were then compared with 
those obtained experimentally; they were found to be in reasonable agreement. 
The theory is then used to predict the fatigue life of a full-depth asphalt pave
ment. The result appears in reasonable agreement with the expected life for 
such a pavement. 

Previous research (1-3) has shown that fatigue cracking of 
asphalt pavements- obeys the principles of fracture 
mechanics. Tl\e la~ of crack propagation was found to be 
dc/ dN = A[(LIK) - Kol, wher.e dc/d N = the crack growth per 
cycle, K =the stress-intensity .factor, Ko =the value of K at 
the endurance limit, and A= a material constant to be found 
experimentally from fatigue tests. 

Recently, Wnuk (4) derived the nonlinear differential 
equation that governs subcritical growth of a crack 
embedded in an elastic-plastic matrix up to the point of 
gross instability: 

[(rrE/12ay 217) G(dG/da)/(da/dc)] + G =Ge 

where 

E =Young's modulus; 
Oy =yield stress in tension; 

17 = 1 - v2, or I for plane strain or plane stress, respectively; 
v ==Poisson's ratio; 
a= applied stress; 
c = crack length; 

G = K2 17/E; 
Ge = K~17/E; and 
Kc = critical stress-intensity factor. 

(!) 

By using this nonlinear differential equation, it will be 
shown that the law of crack propagation for high cycle 
fatigue (small K/Kc) for a beam on elastic foundation 
loaded as shown in Figure I is given by 

(2) 

in which K le= plane strain critical stress-intensity 
factor. This means that the rate of fatigue cracking is 
given explicity in terms of material properties and stresses. 
Moreover, the material properties Kie and ay can be 
dete1•mined very simply from fatjgue tests. 

THEORETICAL ANALYSIS OF CRACK PROPAGATION 
RATE 

Consider a beam supported on an elastic solid as shown in 
Figure I. The beam contains a centrally located crack of 
length c and supports a load P distributed over a width 2a. 
From Equation I, the following is obtained: 

da/dc =(Ge -G)(I2a~17/rrE)(l/G)(da/dG) (3) 

w11ere 

G=K2 17/E, 
K =stress-intensity factor =ymn(c/d), 
a =nominal bending stress calculated on the uncracked section, 

f(c/d) =a function of the crack-depth ratio, 
G = (117//E) a2 r2(c/d), 

dG/da = (21f'r//E) af2 (c/d), 
(l/G)(do/dC) =.E1

/ [27r2 172 a3r4(c/d)], __ 
do/de= !Cc[l-{G/Gc)l (12~17/1TE)) X 1E2 /[21T2 172 a3r4(c/d)]) 

=Ge( 12~ E)/ [2ir317 a3 f' (c/d)] for G/Gc = (K/Kc)2 « 1, and 
dc/da= [ir31J(il r'(c/d)l /6GcE~ . 

Now consider a single cycle of fatigue growth for high 
cycle fatigue. When K 1/K le is small, the above 
equations may be integrated as follows [see Wnuk (.!) for a 
full discussion of the approximation involved]: 

i /;a 

(dc)pec cycle= [ir317a3r4 (c/d) da] /6G Ea; 
. c 

a 

In this approximation, a
0 

= the lower threshold stress 
for crack growth and Lio = applied increment in stress and 
is equal to the difference between the maximum and 
minimum stresses during one excursion of the load. These 
stresses are related to the endurance limit Ko and the 


