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Rigid Bottom Considerations for Nondestructive 
Evaluation of Pavements 

WAHEED UDDIN, A. H. MEYER, and W. RONALD HUDSON 

ABSTRACT 

Mechanistic analysis of dynamic deflection basins for evaluating in situ moduli 
of pavement-subgrade systems has become an important part of nondestructive 
pavement evaluation techniques. Discussed is the influence of a rock layer on 
the evaluation of in situ moduli by using the multilayered linear elas tic 
theory. The value of Young's modulus of elasticity of the subgrade overlying a 
rock layer can be significantly overestimated if a semi-infinite subgrade is 
assumed in applying the linear elastic layer theory to analyze deflection 
basins. An algorithm has been developed to correct this type of error for two 
cases: (a) when the subgrade thickness is known and (b) when depth to the rock 
layer is unknown. For the Dynaflect and falling weight deflectometer systems, a 
rigid bottom can be considered for the second case by assigning a subgrade 
thickness as a function of the wave length of compression wave in the subgrade. 
The computer programs FPEDDl (for flexible pavements) and RPEDDl (for rigid 
pavements) incorporate procedures for evaluating in situ moduli with regard to 
rigid bottom considerations in pavement-subgrade systems. 

Nondestructive testing (NDT) is an indispensable 
part of pavement condition monitoring procedures. 
Recent surveys (!_,~) indicate that dynamic deflec
tion measuring devices are used by a majority of 
agencies for nondestructive pavement evaluation. 

w. Uddin, Austin Research Engineers, Inc., 2600 Del
lana Lane, Austin, Tex. 78746. A.H. Meyer and W.R. 
Hudson, University of Texas at Austin, Austin, Tex. 
78712. 

Among these, the Dynaflect is the single most popular 
and widely accepted NDT device, followed by the Road 
Rater and falling weight deflectometer (FWD). Several 
agencies are currently evaluating FWDs because of 
improvements in their operating character is tics and 
their ability to apply variable and heavy dynamic 
loads . These devices use seismic sensors to measure 
surface deflections when the pavement surface is 
excited by dynamic loads. 

The deflection basins formed by the dynamic de
flection measurements from an array of seismic sen-
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sors are used in conjunction with the thickness in
formation and the multilayered linear elastic theory 
for calculating in situ Young's moduli of the pave
ment layers. This is accomplished through an itera
tive procedure of matching the measured deflections 
with theoretical deflections calculated by using an 
assumed set of Young's moduli. Uddin et al. presented 
a review of these iterative procedures (~). Several 
other papers are related to this topic <i-ll · The 
proposed AASHTO Guide (8) also recommends the use of 
in situ moduli, calculated from NDT deflection data, 
for overlay design of pavement structures. 

Discussed in this paper are the sources of errors 
in the moduli calculated from the iterative applica
tion of the multilayered linear elastic theory, par
ticularly with regard to rigid bottom considerations. 

DEFLECTION BASIN MATCHING APPROACH 

Only the Dynaflect and FWD are discussed in this 
paper. The Dynaflect is a steady-state vibratory 
device that is instrumented to measure peak-to-peak 
dynamic deflections on the pavement surface. The 
Dynaflect applies a harmonic load of a 1,000-lb 
peak-to-peak amplitude through two steel wheels that 
are 20 in. apart. Peak-to-peak surface deflections 
are measured by five geophones secured on a lower
raise bar and spaced at 12 in. such that the first 
geophone is located midway between the loading 
wheels. The radial distances of the geophones from 
each loading wheel are 10.00, 15.62, 26.00, 37.36, 
and 49. 03 in. Geophones are calibrated in the field 
at a driving frequency of 8 Hz before making deflec
tion measurements. 

An FWD applies an impulse load by dropping a known 
mass from a predetermined height. The Dynatest Model 
8000 FWD system, used in this study, can generate a 
low load of approximately 2 ,000 lb, as well as a 
very high peak force of more than 20,000 lb, by using 
different configurations of mass and height. The 
load is transmitted to the pavement surface through 
a loading plate 11.8 in. in diameter. A load cell is 
used to measure peak dynamic force. Use of a minimum 
of six and a maximum of seven geophones is assumed 
in this study. The first sensor is located in a hole 
at the center of the loading plate for measuring 
maximum peak deflection. The remaining sensors can 
be positioned along the lower-raise bar. The geo
phones are assumed to be 12 in. apart in this study, 
with radial distances 0.0, 12.0, 24.0, 36.0, 48.0, 
60. 0, and 72. 0 in. from the center of the loading 
plate. Only peak deflections are recorded by the FWD. 

Both the Dynaflect and FWD systems are mounted on 
1 ightweight trailers. The static weight of a Dyna
flect trailer is approximately 1, 800 lb and an FWD 
trailer weighs approximately 2,000 lb. Restated, 
deflections measured by these two devices are dynamic 
displacements of the pavement-subgrade system when 
the pavement surface is excited by the dynamic forces 
they generate. 

. Analyzing Dynamic Deflection Basins 

In a layered linear elastic model of a pavement, 
each layer can be characterized by its Young's 
modulus of elasticity, E, and Poisson's ratio, \J• 

Reasonable values of Poisson's ratio can be assumed 
for typical pavement materials; these generally fall 
in a narrow range. In the iterative application of 
the layered theory for calculating in situ moduli of 
pavement layers, surface deflections are calculated 
by using known values of layer thicknesses and load
ing and an assumed set of moduli for a semi-infinite 
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subgrade. Assumptions made in developing the FPEDDl 
and RPEDDl programs are as follows: 

1. The principle of superpositior. is valid for 
calculating response due to more than one load. The 
peak-to-peak dynamic force of the Dynaflect is mod
eled as two pseudostatic loads of 500 lb, each uni
formly distributed on circular areas (each 3 in. 2 ). 

2. The peak dynamic force of the FWD is assumed 
to be equal to a pseudostatic load uniformly dis
tributed on a circular area represented by the FWD 
loading plate. 

3. Gravity stresses are neglected. 
4. The effects of static trailer weights on the 

response of the pavement-subgrade system are also 
ignored. Considering the light static weights of 
these trailers and the measurement of only dynamic 
deflections, this is not an unreasonable assumption. 

5. Subgrade is characterized by an average modu
lus value. 

6. In considering a rigid bottom, the rock layer 
underlying the subgrade is assumed to extend in
finitely in vertical and horizontal directions. 

7. Deflection basins are measured on locations 
away from pavement edges and discontinuities such as 
cracks and joints. 

In this iterative procedure, the theoretical de
flection basin is compared with the measured basin. 
The discrepancies in the theoretical and measured 
deflections are related to the required correction 
in the values of moduli assumed in the first itera
tion. The moduli are then corrected for the second 
iteration. When the discrepancies fall within allow
able tolerances, the corrected values of moduli are 
treated as the estimated in situ moduli. Two types 
of tolerances are primarily provided in the FPEDDl 
and RPEDDl computer programs; these are described in 
detail elsewhere (3,9). 

The tolerances- for activating changes in the 
moduli of various layers are summarized in Table 1. 
From numerous layered theory computations, it was 
found that no significant difference existed in 
theoretical deflection if a correction in the modulus 
of a given layer did not exceed its tolerance level 
C.2.l. 

TABLE 1 Tolr.ranr.r.H for Activating ChangeK in Moduli 
(for use in basin-fitting subroutines) 

Tolerances in Moduli(%) 

Pavement Type Program TOLR31 TOLR32 TOLR33 

Rigid RPEDDl (sub-
routine 
BASINR) 4.0 3.0 0.05 

Flexible FPEDDl (sub-
routine 
BAS INF) 4.0 2.0 0.10 

Note: TOLR:.H is used for Et (Young's modulus ot surface layer); 'J'ULK::ti is 
used for intermediate layers; and TOLR33 is used for subgre.de modulus . 

The second type of tolerance is the maximum per
missible discrepancy in measured and calculated 
deflections. The programs do not attempt any itera
tion if the maximum discrepancy, based on the first 
set of moduli, does not exceed 1.5 percent. Further 
iterations are s'topped if the discrepancies increase 
in a given iteration. A second cycle of iterations 
is performed if the maximum discrepancy exceeds 10 
percent. These tolerances make the basin-fitting 
procedures efficient. 

The evaluation of in situ moduli by using the 
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deflection basin matching approach poses three major 
problems: 

1. The possibility of nonuniqueness of the esti
mated in situ Young's moduli (in a multilayered 
pavement, several combinations of moduli can yield 
similar deflection basins) ; 

2. Errors in the calculated in situ moduli due 
to nonlinear behavior of granular layers and sub
grade; and 

3. Errors due to the assumption of a semi-in
fini te subgrade when a rock layer exists at a 
shallow depth of subgrade. 

The nonuniqueness of predicted moduli can lead to 
substantial errors, particularly in the moduli of 
pavement layers above the subgrade. The methodology 
incorporated in the FPEDDl and RPEDDl computer pro
grams (},~) ensures unique results. The methodology 
relies on generating seed moduli primarily as func
tions of measured deflections, radial distances of 
sensors from the load(s), and thicknesses of pavement 
layers. In addition, the seed moduli of upper layers 
of a pavement are also functions of the subgrade 
seed modulus. Applications of this methodology have 
been presented elsewhere (!.Q_,11). An example for 
verifying the methodology is shown in Figure 1; it 
shows a hypothetical concrete pavement with pre
assigned values of moduli (called true moduli), the 
seed moduli generated by the RPEDDl program, and the 
final predicted moduli derived by matching deflec
tion basins. The pavement consists of a 10-in. port
land cement concrete (PCC) layer, 6-in. stabilized 
base, and semi-infinite subgrade. 

Radial Distance from Test Load, inches 

0 0 10.0 15.6 26.0 37.4 49.0 60.0 72.0 

e- -- o------""O"·-----o- · - ·-·-<> 

1.0 Gonera1od (True)l2i'.nallW et.O 
Delloclions 0 6 

No. of lleration 2 2 
Bost lloralion #2 

2.0 

FWDBest 
3.0 Iteration 

Dynaflect Best 
Iteration 

FWD f>llak Eou» • 9 QQQ lb 

4.0 '----''----1---'----'---,L__-LJ 
0 12 24 36 48 60 72 

Predicted Young's MOduh (psi) 

True Moduli' Input 
(psi) Moduli (psi) Dynaflect Basin FWD Basin ---

PC Concrete 4,000,000 0 3,862,000 4,000,000 
Stabilized Base 150,000 0 249,300 150,000 
Subgrade 25,000 0 23,300 23,920 

• Predesignated moduli 

FIGURE 1 Prediction of Young's moduli for a hypothetical 
rigid pavement. 

The empirical equations for predicting seed moduli 
were developed for Dynaflect and FWD from the theo
retical deflection data generated by numerous layered 
theory computations. In the case of FWD, the method
ology uses normalized deflections (1,000 x deflection 
at a given sensor/peak FWD force) to predict seed 
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moduli. The prediction of seed moduli also eliminates 
user dependency for the assumption of the initial 
set of moduli in the iterative scheme for matching 
deflection basins. 

Because of the nonlinear behavior of granular 
layers and cohesive subgrades, it is generally sus
pected that the moduli of these materials predicted 
from a light load device (e.g., the Dynaflect) may 
be significantly different from the moduli associated 
with heavy wheel loads such as the 18-kip single-axle 
load . Uddin et al. (3 , 1 0,11) a pplied the equ i va lent 
l i near analysis for eorrecting t he Dynaflect moduli 
of these materials. This is based on strain-sensitive 
models for granular and cohesive soils used in the 
field of earthquake engineering. A detailed treatment 
of applying correction to in situ moduli for non-
1 inear behavior is p r esented by Udd i n (~). This step 
is omitted in the case of FWD defl ec tion basins. It 
is recommended that a peak FWD force of 9,000 lb or 
more be used if the FWD data are collected for the 
purpose of in situ material characterization. 

CONSIDERATION OF RIGID BOTTOM 

The semi-infinite thickness of subgrade is an in
herent assumption in the use of the elastic layere d 
theory for calculating a deflection basin. The 
presence or assumption of a rock layer at some 
finite depth necessitates consideration of a rigid 
layer instead of a semi-infinite subgrade because it 
can significantly affect the deflection basin, as 
shown in Figure 2. Ignorance of this condition may 

Radial distance from load, in. 
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0 
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~ 
0.1 0 
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c 
0 6 
TI 0.2 6 

"' ~ D 
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0.3 17 
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10 in , P.C. Concrete 
4 In. A.C. Base 
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26.0 37.4 49.0 60.0 

0 D=O. ft 
0 ~2 ft 

0 L'>---0=5 ft 
6 

6 
o---0=10 ft 

D 

D 
17----0=20 ft 
0~0=40 It 17 

0=100 ft 
17 0 

0 0=200 ft or 
semi-infinite subgrade 

24 36 42 60 72 

Young's Modulus 
(psi) 

Poisson's 
Ratio 

5,000,000 
500,000 

100,00 
20,000 

0.15 
0.35 
0.40 
0,45 

FIGURE 2 Effect of the presence of a rigid layer at 
varying depths on theoretical Dynaflect deflection 
basins. 

result in significant errors in moduli derived from 
deflection basins, as demonstrated by McCullough and 
Taute (12). If the thickness of the subgrade over
lying a--rock layer is known from design-construction 
records and other evidence then its value should be 
entered in the input of the basin-matching programs. 
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Case of Unknown Thickness of Subgrade 

This condition is undoubtedly more common in NDT 
data. The error involved in overpredicting deflection 
because of the assumption of a semi-infinite subgrade 
is obvious. Some researchers, such as Wiseman et al. 
(_§.), have considered using an arbitrary depth of 
subgrade to the rigid layer. Researchers at the U.S. 
Army Corps of Engineer Waterways Experiment Station 
(_!) assume a rigid bottom at 20 ft for the evaluation 
of in situ modul i froin their deflection basin match
ing programs. A subgrade thickness of 20 ft has been 
arbitrarily selected for the dynamic analysis of the 
Road Rater deflection basins <l>· However, signifi
cant effects are reported for certain ranges of sub
grade thicknesses by the researchers at the Univer
sity of Texas at Austin based on their dynamic 
analyses of dynamic deflection tests (13). The as
sumption of an arbitrary thickness of -;rubgrade may 
therefore significantly affect the moduli calculated 
from the static analyses of deflection basins. 

The inherent weakness.of the current state of the 
art is the use of static analyses (i.e., iterative 
application of multilayered linear elastic theory) 
to calculate in situ moduli from measured dynamic 
deflection basins. However, in the field of non
destructive pavement evaluation, the current state 
of knowledge for proper dynamic analyses of dynamic 
deflection basins is in the research and development 
stage. The layered theory is still the best tool 
available in the absence of any reliable and valid 
method of dynamic analysis. 

EVALUATION OF MODULI FOR A KNOWN ROCK LAYER 

If a rock layer is suspected at a pavement site, 
every effort should be made to extract information 
about the thickness of the subgrade. In this case, 
the pavement structure can be properly modeled for 
the iterative application of the elastic layered 
theory. However, the problem of nonun iqueness may 
still remain a source of significant error in the 
predicted moduli for the conventional basin matching 
approach in which iterations start from user-speci
f ied values of moduli. 

The FPEDDl and RPEDDl programs ensure the unique
ness of predicted moduli by correcting the seed mod
ulus of subgrade for the finite thickness of sub
grade. For this purpose, a parametric study was made 
by using different rigid and flexible pavements to 
investigate the influence of variations in the depth 
of subgrade of Sensor S deflection, Based on layered 
theory computations, the ratio (RATS) of Dynaflect 
Sensor S deflection for several subgrade thicknesses 
(D, in.) to the Sensor S deflection for a semi-in
f inite subgrade was determined for various pavement 
structures. The ratio (RATS) approached zero if a 
rocklayer was assumed at 1 ft or a shallower depth 
below the pavement. A power function was used to 
develop a regression equation based on the values of 
Rl\TS and D. The programs compute RATS if the thick
ness of the subgrade layer is entered by the user. 
The equivalent Sensor S deflection Ws' for a semi
infinite subgrade case is then calculated by using 
the following relationship: 

Ws/RA'l'S (1) 

where Ws is the measured Sensor S deflection. 
The regression equations developed from numerous 

theoretical basins are then used to predict subgrade 
moduli. These equations are based only on Sensor 5 
deflections. The R-squared values associated with 
these equations are above 0. 9S. In the case of the 
FWD, the Sensor 5 deflection is normalized by the 
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program to 1,000 lb for substituting its value in 
Equation 1 and in the predictive equations. The 
subgrade seed modulus (corrected for the influence 
of subgrade thickness on measured deflections) is 
used to calculate seed moduli of upper layers of the 
pavement. The evaluation of in situ moduli is then 
performed by converging to measured deflections by 
using basin fitting routines. 

Application 

Several theoretical deflection basins generated for 
various hypothetical pavement-subgrade systems were 
analyzed to verify the predictions of moduli; this 
is a rational method of checking the accuracy of 
predictions before subjecting the methodology to 
field applications. Figure 3 shows this point; a 
deflection basin--predicted assuming 50 ft of sub
grade--has been analyzed for a hypothetical pavement 
with preassigned moduli by using the RPEDDl program. 
In this figure, HERRP represents maximum discrepancy 
in the theoretical and the best-fit deflections. 

Radial Distance from Test Load, inches 
0 12 24 36 48 60 72 

Tru 0..i1ee1 on o FWD Peak Force. 10 000 
B&sl Fil Bas a ' 

.!!!. 
E 1.0 -- - (Assuming D • Semllnllnlle) 

-(Assumlog 0 •SO fl) 
c 
0 

-~ 2.0 
~ 
Cl 

3.0 

4.0 

Young's 
Moduli 

Assigned 
Moduli 

E1 (psi) 4,000,000 
E2 (psi) -400,000 
E3 (psi) 100,000 
E4 (psf) 30,000 

Input Predicted 
Moduli {ll~ratlQn #2) 

0 3,085,000 
0 273,100 
0 129,000 
0 34,610 

(a) D = Semi-infinite subgrade (no. of 

Young's Assigned Input Predicted 
Moduli Moduli Moduli { l t~r;itlon #2} 

E1 (psi) 4,000,000 0 3,921,000 
E2 (psi) 400,000 0 430,000 
E3 (psi) 100,000 0 129,000 
E4 (psi) 30,000 0 28,850 

Percent 
~ 

~u -31.7 
+29.0 
+15.4 

Iterations 2) 

Percent 
Ditference 

-·u +7.5 
+29.0 

·3.8 

(b) D = 50 ft subgrade (no. of iterations 2) 

2.98 

1-ERff' 
(Percent) 

3 72 

FIGURE 3 A theoretical FWD deflection basin generated for 
a hypothetical pavement to study rigid bottom consideration. 

Figure 4 shows an example of pred i cted in situ 
moduli from an FWD deflection basin analyzed by the 
FPEODl program. At this flexible pavement site, ap
proximately s ft o f subgrade soil exists over the 
bedrock, according to the available records. The 
false assumption of a semi-infinite subgrade would 
have resulted in a significant overprediction (more 
than 100 percent) of the subgrade modulus. An example 
of the moduli estimated from the Dynaflect and FWD 
deflection basins is another flexible pavement site 
where a 15-ft subgrade layer exists over the bed
rock. The results are summarized in Tables 2 and 3. 
For this case, the FPEDDl program predicted a sub
g rade modulus of 16 ,700 psi from the analysis of the 
Dynaflect deflection bas in. The program corrected 
this val.ue to 10, 300 psi for the nonlinear behavior 
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Radial Distance from Test Load, inches 
0 12 24 36 48 60 72 

2 Deflections 
.!!? Measured 0 

E Computed-
c:: 4 
0 El 
~ 
.9! E2 
Qi 6 
D 0 

0 

8 

Young's Moduli (psi) 

Locatlon Poisson's Ratio La er In ut Predicted 
St. 200 
US75 0,35 E1 0 591,00 

Southbound, 0,35 E2 0 590,00 

Oklahoma 0.40 E3 0 32,000 

(June, 1984) 0.45 E4 0 10,300 

FIGURE 4 Prediction of in situ moduli from an FWD 
deflection basin analyzed by the FPEDDI program. 

TABLE 2 Dynaflect and FWD Deflection Basins: Measured 
and Predicted Deflections 

Dynaflect FwD• 

Deflections (mils) Deflections (mils) 
Sensor Sensor 
No. Measured Predicted No. Measured Predicted 

1 0.93 0.97 1 19.2 19.5 
2 0.7 0 0.80 2 13.9 14.1 
3 0.46 0.53 3 10.9 12.1 
4 0.29 0.34 4 6.7 5.8 
s 0.21 0.2 1 5 3.3 3.1 

6 1.8 1.7 
7 1.0 1.0 

Note: Measured on the flexible pavement of southbound U.S. 69 in Ok1ahoma 
(Station 220). 
areak force = a, 776 lbf, 

TABLE 3 Predictionofln Situ Moduli from the Dynaflect and 
FWD Deflection Basins 

Pavement Layers 

2.75-in. AC wearing 
coursea 

8-in. AC base course 
180-in. subgrade overlying 
rock bottom 

HAC = asphalt concrete. 
bcorreclad for nonlinear behavior. 

Poisson's Young's Modulus 
Ratio Dynaflect 

0.35 151,000 
0.35 245 ,000 

0.45 10,300b 

FWD (psi) 

114,000 
163,000 

10,700 

of the subgrade soil. Obviously, differences exist 
in the two sets of moduli from the Dynaflect and FWD 
basins for surface and base layers; these differences 
could be attributed to the loading mode effect and 
device dependency as related to measured deflections. 
Figure 5 shows another example of a flexible pavement 
site where prior knowledge of the presence of a rock 
layer of a shallow depth was available. 

The examples just discussed indicate the useful
ness of the methodology incorporated in the FPEDDl 
and RPEDDl computer programs. This study did not 
include any laboratory tests. Some researchers may 

Radial Distance lrom Load, inches 

0.0 10.0 15.6 26.0 37.4 49.0 60.0 

.!!? 
0.1 E 

c:: 
0 ·u 0.2 
.9! Dynallect Deflections 
Qi 

Measured D 0 

0.3 Compuled ---
(l leralion #4) 
No. of Iterations "" 4 

0.4 
12 26 36 48 60 

Pavement Young's Moduli (psi) 

Loop 360 SB (Site #3) Poisson's Corrected for 
St. 404 + 52 (May 83) Ratio ~ Predicted Nonlinearil~ 

1.5 in . AC Surfacing 0.35 0 407,000 

12.0 in. Flexible Base 0.40 0 100,000 55,300 

20 ft. Subgrade Rockfill 0.45 0 70,000 50,030 

Overlying Bedrock 

FIGURE 5 Prediction of in situ moduli for a flexible 
pavement with known depth of subgrade to rock by using 
the flexible pavement evaluation program FPEDDI. 
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consider comparisons with the moduli determined from 
laboratory tests to be more convincing. The following 
three points should be considered while making any 
inferences from a comparison of in situ moduli with 
laboratory moduli, particularly in the case of sub
grade moduli: 

1. Generally, a large scatter in resilient modu
lus relationships is obtained in the laboratory be
cause of the influence of degree of saturation, water 
content, density, sampling disturbances, and vari
ability associated with operators. In the case of 
subgrade soil, a possibility exists of even greater 
variability related to the depth from which the sam
ple is extracted. On the other hand, the in situ 
subgrade modulus estimated from a given deflection 
basin is an average value over the entire depth of 
the subgrade. 

2. The in situ stress and environmental condi
tions cannot be truly duplicated in laboratory. 

3 . The resilient modulus, based on laboratory 
tests, is calculated as a function of a stress pa
rameter in the case of unbound materials and subgrade 
soils. It is interesting to note that the values of 
a ppropriate stress parameters are based on layered 
theory computations. 

A RATIONAL APPROACH FOR CONSIDERING THE RIGID BOTTOM 

In this section, a rational approach for assigning a 
finite thickness to the subgrade is presented. This 
approach eliminates the need for arbitrary selection 
of a depth to the rigid bottom. All dynamic deflec
tion devices generate disturbance in the pavement
subgrade system. It is unlikely that the zone of 
influence of the dynamic test loads extends to in
finite depth. In such cases, the FPEDDl and RPEDDl 
programs predict a finite thickness of subgrade. 
This predictive procedure is based on concepts taken 
from theory of stress wave propagation in elastic 
media. Basically, the predicted thickness of subgrade 
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is a function of frequency of loading (f) and com
pression wave velocity (Vp). 

By looking at wave motion induced by the Dyna
flect, long wavelengths result from low excitation 
frequency (8 Hz), For typical subgrade soils, half 
wavelengths will be more than 35 ft. It has been 
observed from the dynamic analysis of simulated 
Dynaflect tests that if the subgrade thickness is 
more than 35 ft, almost no significant difference 
exists between dynamic deflections and the static 
deflections computed by the elastic layered theory 
(Q_). 

A simplified approach for calculating the pre
dominant frequency excited by the FWD is the repre
sentation of the FWD load signal by an idealized 
load-time history: if the duration of the FWD load 
signal is 25 msec, the period can be approximated to 
50 msec by assuming a harmonic wave form. Therefore, 
frequency, being the inverse of period, can be taken 
as 20 Hz. This is supported by extensive field mea
surements using a Fourier Spectrum Analyzer made 
during a previous study at the University of Texas 
(14). It was found from the time history and power 
spectra for the FWD that the predominant frequency 
excited by the FWD was approximately 20 to 21 Hz. 

The step-by-step procedure for assigning a finite 
thickness to the subgrade is described in the fol
lowing list . 

1. An initial estimate of the Young's modulus of 
the subgrade, ENAT, is made by using the predictive 
relationships based on the Sensor 5 deflection. A 
value of Poisson's ratio(µ) for the subgrade is 
assigned. 

2. The dynamic parameter (M) of the subgrade is 
calculated by using the following relationship: 

M • >. + 2G 

where 

>. and G are Lame's constants, 
G ENAT/2(1 + µ), and 
G = µ ENAT/(l + 1d (1 - 2µ), 

Equation 2 can be rewritten as follows: 

M = [ENAT(l - µ)]/[(l + µ) x (1 - 2µ)] 

(2) 

(3) 

3. Mass density, p, of the subgrade soil is 
calculated from the unit weight of the soil. (The 
unit weight of the soil is assigned based on the 
soil type. ) . 

4. The wavelength of the P-wave, Lp, is then 
calculated by using the following relationship: 

(4) 

where f is the frequency of the driving force (8 Hz 
for the Dynaflect and for the FWD; the predominant 
frequency can be taken as 20 Hz, as discussed pre
viously). 

5. The thickness of the subgrade is assumed to 
be one-half of Lp• 

In the FPEDDl and RPEDDl programs, the procedure 
just described for assigning a finite thickness to 
the subgrade is activated through an option in the 
input data. An example of using this option is shown 
in Figure 6. 

SUMMARY AND CONCLUSIONS 

Various sources of errors associated with the in 
situ moduli of pavement layers based on the applica
tion of elastic layered theory and basin fitting 
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Poisson's 
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Columbus Bypass, Sh-71 (Soulhbound, Station, 1186 + 50), Texas 

FWD Peak Force• 8960 lbf. (FWD test in the 't of Travel Lane) 

(a) PREDICTED MODULI (psi) 

Semi-Infinite 
Subqrade 
5,320,000 

486,000 
169,000 
36,100 

Rigid Bottom 
option· 

4,870,000 
371,000 
50,000 
25,200 

(b) FWD DEFLECTIONS (mils) 

Sensor No. Measured 

1 2.4 
2 2.3 
3 2.0 
4 1.6 
5 1.4 
6 12 
7 1.0 

Semi-infinite 
S11hgrade 

2.5 
22 
1.9 
1.6 
1.4 
1.2 
1.0 

"Predicted Subgrade thickness ~ 15.1 Feet 

Rigid 
__Bcttrun'. 

2.9 
2.2 
2.0 
1.6 
1.3 
1.0 
0.8 

FIGURE 6 Analysis of an FWD deflection basin by the 
PREDDl program using the rigid bottom option. 

approach have been discussed in this paper, partic
ularly with respect to the rigid bottom considera
tions. It is shown that the use of seed moduli gen
erated by self-iterative procedures is desirable to 
ensure uniqueness of the predicted in situ moduli 
and eliminate user-dependency aspects of these pro
cedures. This methodology has been successfully used 
in the FPEDDl and RPEDDl computer programs. These 
programs also incorporate equivalent linear analyses 
for correcting the Dynaflect moduli with regard to 
the nonlinaar behavior of granular layer and cohesive 
subgrade. The principal findings are as follows. 

1. Ignorance of rigid bottom considerations may 
lead to substantial errors in the predicted moduli 
of a pavement-subgrade system. The subgrade modulus 
may be significantly overpredicted if a semi-infinite 
subgrade is falsely assumed, when actually bedrock 
exists at a shallow depth. 

2. A procedure has been described for taking 
into account the influence of a rock layer if the 
subgrade thickness is known. This procedure relies 
on correcting the seed modulus of subgrade for the 
known depth to the rock layer. 

3. A rational approach has been outlined to as
sign a finite thickness to the subgrade if no rock 
exists at shallow depths, This depth is taken as a 
function of the frequency of loadings and the veloc
ity of compression wave in the subgrade. This option 
eliminates the need to assign an arbitrary thickness 
to the subgrade if the consideration of rigid bottom 
is required in the deflection basin analysis. 

Various procedures discussed in this paper have 
been applied to the Dynaflect and FWD. However, the 
concepts can be equally applied to other dynamic 
load NDT devices, for example, the Road Rater. 
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Discussion 
Anastasios M. Ioannides* 

Since the publication of Westergaard's pioneer works 
in the 1920s, the behavior of slabs-on-grade has 
been investigated on the basis of plate theory. On 
the other hand, Uddin, Meyer, and Hudson, as well as 
a few other investigators ( 15-17) , have proposed 
using layered elastic analysis for both flexible and 
rigid pavements. Such a unified procedure is philo
sophically and practically attractive, and would 
allow the characterization of the pavement as a 
multilayered system. This is more realistic than the 
current use of the subgrade modulus, k, in a two
layer (or at most three-layer) system assumed when 
plate theory is employed. 

However, using the layered elastic theory inevi
tably restricts the scope of all analyses to the case 
of interior loading. Current layered elastic theory 
computer codes cannot provide any information on 
pavement response under edge and corner loads or on 
the efficiency of load transfer systems at the pave
ment joints. This latter aspect of behavior is evi
dently considered an overriding consideration by the 
Federal Aviation Administration, u .s. Department of 
Transportation. A 1978 Advisory Circular entitled 
Airport Pavement Design and Evaluation changed the 
design er i ter ion for portland cement concrete (PCC) 

*University of Illinois at Urbana-Champaign, Urbana, 
Ill. 61801. 
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airport pavements from the maximum stress under an 
interior load to that of the maximum stress when the 
load is placed near an edge (18). This approach to 
design is more realistic because it can be shown 
that the maximum stress in PCC pavements occurs under 
edge loading. Furthermore, it is almost impossible 
to place an aircraft on most pavement slabs in a 
manner that produces anything approaching a true 
interior loading condition (19). It has also been 
shown that nearly all distress in jointed concrete 
pavements is related to joints (20) • 

The possibility of analyzing the top layer of a 
pavement system as a plate, while retaining Bur
mister 's multilayer theory for the remainder, has 
been investigated by Pickett and Ai (~) • However, 
these authors point out that such a substitution 
"without modification would result in appreciable 
error in cases of practical importance, since it 
does not take into account the effects of shear in 
the pavement on deflection and does not properly 
take into account horizontal shear at the interface 
between subgrade and pavement." On the other hand, 
Parker et al. contend that "the representation of 
the top layer as a thin elastic plate or as an 
elastic layer is really not that different when the 
top layer is a PCC slab" (..!.£) • 

To investigate this issue further, a comparison 
is presented here of the layered elastic and plate 
theories for the case of interior loading on a semi
infinite pavement system. This system consists of a 
top layer or PCC slab resting on a Boussinesq half
space, characterized. by Es and µs· From the 
point of view of the layered elastic theory, this 
half-space is the special case of a multilayered 
system consisting only of one layer. The problem 
with plate theory is the standard one: a plate on an 
elastic solid foundation. The analyses were performed 
using computer programs ELPlS (~) and WESTER (~), 

respectively. The equations presented by Losberg are 
used in WESTER for the responses according to plate 
theory (~). 

The parameters selected for the various system 
components ranged between wide limits in order to 
ensure that most practical conditions are included 
in the factorial of runs conducted. The plots of 
nondimensional maximum response in Figures 7-9 
indicate that the governing consideration when com
paring the layered elastic and plate theories is the 

1.0 

(~) 
le 

1.5 2.0 

FIG URE 7 Comparison of layered elastic and plate theories: maximum deflection. 
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FIG URE 8 Comparison of layered elastic and plate theories: maximum subgrade stress. 

0.80 

0 .70 

0.60 

0.50 -

0.1 0.2 0.5 0.76 ID 

(_Q_) 
i. 

1.5 2.0 

FIGURE 9 Comparison of layered elastic and plate theories: maximum bending stress. 

value of the ratio (a/i.el of the radius of the 
applied load to the radius of relative stiffness of 
the pavement system. 

Good agreement between the two theories is ob
tained when (a/tel is between 0.2 and 1.0; con
siderable dilicrepancies occur outside this range, 
values of (a/i.el greater than 1.0 are principally of 
academic interest only, but in practice several cases 
may arise in which (a/.te) takes values below 0.2. In 
such cases, widely divergent results may be expected 
from the two theories. 

Note that the comparison presented here refers 
only to the interior loading condition. Similar com
parisons for edge and corner loading are not feasible 
because of the inherent limitations of the layered 
elastic theory. Furthermore, the comparison is with 
the plate theory used in conjunction with an elastic 
solid foundation. It is generally admitted that the 
dense liquid and elastic solid models can only be 

correlated in a limited number of special cases. As 
a result, a comparison between the layered elastic 
theory and .the plate theory used in conjunction with 
a dense liquid foundation would have limited sig
nificance and would not be of a general nature. Such 
a comparison was attP.mpted by Barker (il) • 

The fairly good agreement between the two theories 
within the prescribed range of (ai.el values has 
only been established for the case of the semi-infi
nite half-space. A similar comparison for the multi
layered foundation case is feasible, at least 
theoretically , by using WESLAYER (25) or RISC <l§.l 
finite element programs for the plate theory 
investigation. Unfortunately, the application of the 
finite element method in conjunction with a 
multilayered subgrade has not yet been developed to 
the point where it is generally practical to use 
because such programs make substantial demands on 
computer resources. 
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