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Characterization of Falling Weight 
Deflectometer Deflection Basin 

A. S. M. MusTAQUE HossAIN AND JoHN P. ZANIEWSKI 

Deflection basins from any nondestructive testing device can be 
characterized by parameters that describe the structural charac
teristics of an existing pavement. An exponential curve of the 
form Y = A * e8 x, where Y is the deflection in mils and Xis the 
radial distance in inches, approximates the deflection basins sim
ulated from elastic layer theory and measured by the falling weight 
deflectometer (FWD). The coefficients A and B describe the 
structural characteristics of the pavement. Usually, a pavement 
with a stiffer upper layer or layers is indicated by a lower A value, 
whereas a stiff subgrade or the presence of a rigid bottom at a 
shallow depth (or both) is indicated by a higher B value. The 
value of the coeffieient of determination for the exponential fit, 
R2 , was found useful for judging the suitability of an FWD
measured basin for backcalculation of layer moduli in a 
deflection-matching technique. Generally , a low value of R~ for 
an exponential curve fitted to an FWD-measured basin indicates 
that there will be a high error in the backcalculation of layer 
moduli using elastic layer theory. Guidelines are presented for 
using the value of R 2 to indicate the error between measured and 
computed deflections that can be expected during a backcalcu
lation analysis. 

Early static deflection devices could measure deflection at 
only one point. This point deflection was successfully related 
to the structural performance of the pavement by many re
searchers and was the basis for a number of overlay design 
methods. Later, vibratory devices, such as Dynaflect and Road 
Rater, provided deflection measurements near the load and 
at fixed distances from the load, resulting in a measured de
flection basin . Falling weight deflectometers (FWDs) can 
measure deflection under the load and at a number of loca
tions away from the load , resulting in a much larger basin . 
Thus, more information is expected from the FWD basin than 
from other devices. 

Work of other researchers on FWD basin parameters to 
characterize the pavement is available (J ,2). An approach for 
characterization of the FWD basin has been developed during 
this research . The objective was to find new parameters from 
the deflection basin that define the structural characteristics 
of the pavement. 

INTERPRETATION OF DEFLECTION BASIN 

Deflection basin parameters are widely used for three major 
applications: (a) to check the structural integrity of in-service 
pavements, (b) to relate to critical pavement response, and 
(c) to calculate the in situ layer moduli of the pavements. A 
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number of basin parameters, which are functions of deflection 
values at one or more sensors, are available for characteri
zation of deflection basins produced by the Dynaflect , Road 
Rater, and FWD. Table 1 summarizes deflection basin pa
rameters available in the literature (J ,3- 8). Figure 1 shows 
the Dynaflect deflection basin parameters. The area param
eter for the Road Rater deflection basin is shown in Figure 
2. Table 1 indicates that not much effort has been made to 
characterize the deflection basin of FWDs. 

CHARACTERIZATION OF DEFLECTION BASINS 
FROM ELASTIC LA YER THEORY 

The surface deflection basins for pavement systems from elas
tic layer theory can be characterized by Boussinesq's theory 
of linear-elastic half-space. Jung (9) has shown that the de
flections (Y) on the top of the half-space around a concen
trated load are a simple hyperbola with a linear term for the 
distance (X) from the load in the denominator: 

Y = ZIX (1) 

For the quasi-concentrated FWD test load, the constant (Z) 
is 

Z = P * A(l - v2 )/Em (2) 

where 

P = concentrated load, 
A radius of the loaded area, 
v Poisson's ratio of the subgrade, and 

Em elastic stiffness of the subgrade (assuming infinite 
depth of the subgrade). 

The computed surface deflections' distance from the load 
axis will closely follow the hyperbola given by Equations 1 
and 2. Unfortunately, the equations are not valid when the 
subgrade is of finite depth (i.e., when a rigid layer is en
countered below the subgrade at a shallow depth, say 120 
in.). The equations are also not valid for nonlinear behavior 
of bases and subgrades . This necessitates the characterization 
of the deflection basin by some other method. 

An empirical approach was taken to characterize the de
flection basins from elastic layer theory. The intent was to 
find a characteristic curve with a minimum number of param
eters that closely approximates the deflection basin. Several 
functional forms of equations were evaluated for fitting the 
deflection basin. An exponential curve was found to have the 



TABLE 1 SUMMARY OF DEFLECTION BASIN PARAMETERS 

Parameters Dcfinilion NOT Device Reference 

DynaOect Maximum 

Dcncction, DMD 

Surface Curvature 

ln<lex, SCI 

Base Curvalure 

ln<lcx, BC! 

Spreadability, SP 

Basin Slope, SLOP 

Arca (inch), A 

DMD= W1 

Iwi 
i = l, 5 
SP = ----------X 100 

5Wi 

Iwi 
i = l 4 
SP =·----------XlOO 

4Wi 

SLOP= W1 -W5 

W5 = W5 

Dynanec1 3 

Dynanecl J.1 

Road Rater 400 3 

Dynanecl J 

DynaOecl 

Road Rater 2008 

Dynancct 

Dynancct 

Road Rater 2008, FWD l 

Tangent Slope, TS 

Deflection Ratio, Or 

F2 = (W2-W4)/W3 

TS= (Wm-WxJ/x 

W = Deflection; sub.scripts: 1,2, .... 5 = sensor locaLions 

0 = center of load 

r = radial distance 

m = maximum dcOection 

None 

FWD 

x = distance of the tangent point from the point of maximum 

<lenection 
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FIGURE 1 Dynaflect deflection basin parameters. 
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FIGURE 2 Road Rater deflection basin area parameter. 

desired characteristics. The form of the equation is 

y =A* eBx (3) 

where 

Y = deflection value in mils, 
X = radial distance from the load axis in inches, and 

A, B = constants. 

A typical shape for the exponential curve is shown in Figure 
3. 

Simulated deflection basins were generated by running the 
CHEVRON program (10), using a 9,000-lb load uniformly 
distributed over a circular area 11.8 in. in diameter and com
puting surface deflections at the load center and six other 
locations uniformly spaced at 12 in. The locations correspond 
to the typical sensor locations used by the Arizona Depart
ment of Transportation (ADOT) in FWD testing (11). The 
basins were generated by a combination of layer thickness 
and moduli in a matrix for five-layer pavement systems, as 
shown in Table 2. 

In order to pick realistic pavement sections , the ADOT 
pavement management system data base was searched, and 
a frequency analysis of the structural number, SN (12), was 
done mile by mile to classify the pavements as stiff, medium , 
or weak. Table 3 gives the frequency analysis results. The 
target SNs selected on the basis of the frequency analysis 
corresponding to weak, medium, and stiff pavements were 
3.0, 6.0, and 8.0, respectively. Layer thicknesses for 12 pave
ments from all roadway types in Arizona-Interstates, U.S. 
routes, and state routes-were statistically analyzed to find 
the representative thicknesses of layers corresponding to the 
target SNs. Because a sufficient number of pavement sections 
with a granular base and an SN of 8 were unavailable, the 
layer thicknesses of the stiff pavements were calculated to 
correspond to an SN of 8. Layer thicknesses for other pave
ments were selected on the basis of the statistical analysis 
shown in Table 4 and engineering judgment. Representative 
moduli values were selected on the basis of a literature search. 

The matrix in Table 2 has eight factors each at three levels, 
yielding 38 = 6,561 pavement structures having SNs between 
1.51 and 7 .98. The SNs were calculated by using the equation 
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FIGURE 3 Typical exponential curve for fitting the deflection 
basin. 

for SN in the AASHTO Guide (12). The drainage coefficients 
for the base and sub base layers were assumed to be unity, 
and the structural layer coefficients were computed from 
ADOT's Materials Preliminary Engineering Design Manual 
(11). An exponential curve with the form of Equation 3 was 
fitted to each deflection basin. Table 5 gives the summary 
statistics for A and B for each pavement type, and Table 6 
shows the frequency distribution of R2 for each pavement 
type . Figure 4 shows the CHEVRON and fitted basins for 
pavements of each category. These deflection basin shapes 
were qualitatively observed by Jung (9). 

From Table 5, it is seen that the pavements fall into three 
distinct classes on the basis of the values of A. Again, the R2 

values indicate that exponential curves can be fitted to the 
CHEVRON deflection basins well . 

The coefficient of determination, R 2
, is an important di

agnostic tool for judging the suitability of applying elastic layer 
theory for backcalculation of layer moduli. Figure 5 shows 
the CHEVRON and exponential curve-fitted deflection ba
sins with low R2. It is apparent that the deflection basin with 
a low R2 will have a higher error in a deflection-matching 
technique. In general, the higher the value of the coefficient 
of determination, the lower will be the absolute sum of the 
percentage errors between the measured and the fitted de
flection basin in a backcalculation routine. The absolute sum 
of the percentage errors between an exponential curve-fitted 
basin and the measured basin may be used as a limit for setting 
the lowest sum of percentage errors desired in the backcal
culation process. Usually, the iteration should be carried out 
until the absolute sum of the percentage errors is less than or 
equal to that between the exponential curve-fitted and the 
measured deflection basins. 

A high value of R2 also indicates the suitability of modeling 
of pavements by elastic layer theory. Table 6 indicates that 
about 12 percent of pavements in the weak category have R2 

values less than 0.90, compared with less than 2.2 percent in 
the medium category and less than 1.1 percent in the stiff 
category. Thus, the frequency analysis of Table 6 indicates 
that, if an exponential curve of the form Y = A • e8 x ap
proximates the deflection basin closely , the application of 



TABLE 2 PAVEMENT MATRIX USED FOR CHEVRON DEFLECTION 
BASIN GENERATION 

FACTORS 

LEVELS TAC TAB TsM D EAC EAB EsM E5c; 

(in) (in) (in) (in) (ksi) (ksi) (ksi) (ksi) 

(l)LOW 3.0 4.0 9.0 120 JOO 15 10 3 

(2) MED (1.0 ~.o 12.0 240 ~50 30 7 

(3) HIGH 10.0 6,0 18.0 s-i 850 50 30 14 

Nole: l) D: Deplh to Rigid L"ycr, s-i: scmi-inr.nilc suhgrade 

2) AC: Asphalt Concrete, AB: Aggregate B"se, SM: Select Material/ Sublnisc, S(;: 

Subgrade 

TABLE 3 FREQUENCY ANALYSIS OF STRUCTURAL NUMBERS ON 
THE ARIZONA HIGHWAY SYSTEM 

From To Below Frequency Percent Cumulative Percent 

0.0 1.0 1144 16.37 16.37 
1.0 2.0 1440 20.60 36.97 
2.0 3.0 1353 19.36 56.33 
3.0 4.0 2116 30.27 86.60 
4.0 5.0 473 6.76 93.36 
5.0 6.0 185 2.65 %.01 
6.0 7.0 47 0.67 96.68 
7.0 8.0 106 1.52 98.20 
8.0 9.0 130 1.86 100.00 

TABLE 4 REPRESENTATIVE THICKNESSES OF ARIZONA 
PAVEMENTS 

SN Statistic TAC TAB TsM 
(in) (in) (in) 

3.0 Mean 4.0 4.0 9.0 
Std. Dev. 0.75 1.5 3.0 
Sample Size 12 12 12 

6.0 Mean 7.25 4.0 13.5 
Std. Dev. 4.0 2.0 7.5 
Sample Size 12 12 12 

Note: AC; Asphalt Concrete, AB; Aggregate Base, SM; Select Material/Suhbase. 
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TABLE 5 SUMMARY STATISTICS FOR PARAMETERS OF THE 
CHEVRON BASINS 

Pavement Type Statistic A B R2 

Weak Mean 32.14 -.034 0.958 
(3" AC) Std. Dev. 12.12 -.009 0.048 

C.V.(%) 3.8 2.6 5.1 
Sample Size 2187 2187 2187 

Medium Mean 24.64 -.028 0.974 
(6" AC) Std. Dev. 9.52 -.008 0.021 

C.V. (%) 3.9 2.9 2.2 
Sample Size 2187 2187 2187 

Stiff Mean 18.07 -.020 0.976 
(IO" AC) Std. Dev, 7.73 -.005 0.020 

C.V. (%) 4.3 2 . .5 2.0 
Sample Size 2187 2187 2187 

TABLE 6 FREQUENCY ANALYSIS OF R2 FOR SIMULATED 
DEFLECTION BASINS OF DIFFERENT PA VEMFNT TYPES 

Pavement Type From To Below 

Weak 0.74 0.78 
(3"AC) 0.78 0.82 

0.82 0.86 
0.86 0.90 
0.90 0,94 
0.94 0.98 
0.98 1.00 

Medium 0.85 0.88 
(6" AC) 0.88 0.91 

0.91 0.94 
0.94 0.97 
0.97 I,()() 

= 1.00 

Stiff 0.85 0.88 
(10" AC) 0.88 0.91 

0.91 0.94 
0.94 0.97 
0.97 1.00 
= J.00 

elastic layer theory to thin pavements will result in a slightly 
higher error in backcalculation of layer moduli . The limita
tions of applying layer theory to thin pavements have also 
been demonstrated by Thrower et al. (13) and Yazdani and 
Scullion (14) . 

Low values of R 2 (e.g., less than 0.90) for CHEVRON 
basins are also indicative of other situations. Out of 308 de
flection basins having R 2 values less than 0. 90, 190 pavements 
are so-called "inverted" structures in which the modulus of 
an upper layer is smaller than the modulus of a lower layer. 
For 62 pavements the modulus of either the base or the sub
base layer is close to that of the next layer, and others are 
extreme cases in which either a thin asphalt concrete (AC) 
layer of very low modulus exists in combination with stiff 
subgrades or a thick pavement with a high modulus is on a 
very weak subgrade. In general, these conditions may not be 
detected in a backcalculation process, but they can be used 
to explain some badly shaped deflection basins. 

On the basis of the frequency analysis of R2 in Table 6, the 
following guidelines are suggested for values of R2 ( corre
sponding to 99th percentile or greater values in the table) for 

Frequency % Cumul<ltivc % 

8 0.3 0.3 
45 2 1 2 .j 
52 2.3 4.8 

156 71 11.9 
306 13.9 25.9 
730 33.3 59.3 
890 40.6 100.0 

6 0.27 0.27 
42 1.92 2.19 

131 6.0 8.19 
342 15.63 23.82 

1601 73.2 97.()2 
(1.5 2.98 lOO.ll 

2 0 0 
22 I.I 

102 4.66 5.76 
441 20.2 25.96 

1576 72.0G 98.02 
44 1.98 100.0 

deflection basins that can be backcalculated by elastic layer 
theory using an iterative technique without large errors: 

If 3 in . s AC thickness < 6 in., R2 should be greater than 
0.78. 

If 6 in . s AC thickness, R2 should be greater than 0.88. 

Correlation tables were computed to investigate the rela
tionships among A, B, SN, depth to rigid layer (0) , and 
subgrade modulus (Esg), and t-tests were used to test signif
icance. SN was assumed to quantify the stiffness of the upper 
layers . Table 7 is the correlation table for pavements with 
finite subgrade thicknesses of 120 and 240 in., and Table 8 
shows the correlation table for pavements with semi-infinite 
subgrade. Table 7 indicates that for pavements with rigid 
layers at shallow depth, A is negatively correlated with both 
SN and Esg, but the correlation with SN is better. Thus, as 
SN or Esg increases, A decreases. B is positively correlated 
with SN (i .e., as the stiffness of the upper layers increases, 
B increases), whereas Bis negatively correlated with Esg. B 
is also significantly correlated with D . As the depth decreases, 
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FIGURE 4 Actual and fitted deflection basins 
for different pavements. 
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FIGURE 5 CHEVRON and exponential curve-fitted deflection 
basins with low R2 (R2 = 0.775). 

B increases. For infinite subgrade, A is correlated with both 
SN and Esg. However, the subgrade modulus seems to be 
better correlated with A (Table 8) . In this case, B is also 
correlated with SN and Esg. However, an increase in the 
stiffness of the upper layers results in an increase in the value 
of B , whereas an increase in Esg results in a decrease in the 
value of B. 

Evidently these parameters describe the deflection basin 
structurally. They can be used to classify the pavements ac
cording to structural integrity for a network-level pavement 
management system. The combination of A and B is usually 
unique for a particular structural number when the subgrade 
characteristics are similar. Two pavements with similar struc
tural numbers and subgrade moduli would yield deflection 
basins having identical A and B parameters. Figure 6 shows 
an example of such pavements from the m;itrix in Table 2. 
Because of the high correlation of A and B with Esg , they 
can be used in estimating Esg (see the companion paper in 
this Record by Hossain and Zaniewski). 

VERIFICATION WITH FIELD DATA 

Field deflection basins from sites in the Arizona State Uni
versity overlay study (15) were used to verify the applicability 

TABLE 7 CORRELATION AMONG A, B, SN, D, AND Esg 
FOR PAVEMENTS WITH FINITE DEPTH OF SUBGRADE 

A B SN D fag 

, 
A 1.0 -.06 -0-68 ll.(17 -0,60 

'· B 1.0 OM 0.1.1 -II !>1 

SN 1.ll 11.ll 0.IJ 

D 1.0 0.0 

Esg 1.0 

Signiftcanl al a = 5o/o 
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TABLE 8 CORRELATION AMONG A, B , SN, AND 
Esg FOR PAVEMENTS WITH INFINITE DEPTH OF 
SUBGRADE 

A B SN fag 

A 1.0 0.09 -(),58 -0.71 

B LO 0.68 -0.6~ 

SN LO OJI 

Esg I 0 

Signiricanl al a = 5°/o 

of the exponential curve-fitting technique in characterizing 
deflection basins. Table 9 gives the sites used in this study, 
and Table 10 shows the pavement sections of the sites. De
flection testing was done using the Dynatest Model 8002 FWD 
on the outer wheelpath of the travel lane at these sites. De
flections were measured at 10 stations at each site, spaced at 
·10-ft intervals. The target load was 9,000 lb, and seven sensors 
were arranged at a uniform spacing of 12 in . , the first sensor 
being at the center of the load. 

For each site, Table 11 shows Parameters A and B; the 
coefficient of determination, R 2

, of the exponential curve
fitted deflection basins; and the structural number, subgrade 
modulus, and depth to rigid layer. Figure 7 shows the actual 
and fitted FWD basins for two sites. Figure 7 indicates that 
the fitted basins closely approximate the shapes of the FWD
measured basins . 

Table 11 indicates that the exponential curve fits the FWD
measured deflection basins well, with R2 values varying from 
0.856 to 0.996 . In order to find the relationships between A, 
B, SN, backcalculated subgrade modulus, and calculated depth 
to rigid layer, Tables 12 and 13 were formed for pavements 
having finite and infinite sub grade thicknesses, respectively. 
Student's t-tests were used to determine significance. Table 
12 indicates that A is significantly correlated with SN and D. 
As SN (the stiffness of upper layers) increases, A decreases. 
Again, when the depth of the rigid layer increases, A in
creases. There is no significant correlation between A and the 
backcalculated subgrade modulus. However, the trend shows 
that as the subgrade modulus decreases, A increases. B is 
significantly correlated with SN and the backcalculated mod
ulus of the subgrade. The trend is similar to that of the CHEV
RON basins. B increases with increasing SN and decreases 
with increasing backcalculated subgrade modulus. For FWD 
basins, Bis not significantly correlated with the depth to the 
rigid layer. But the trend suggests that as the depth to rigid 
layer increases, B decreases. 

Table 13 indicates that when the subgrade is semi-infinite, 
Bis significantly influenced by the subgrade modulus. As the 
subgrade modulus increases, B decreases. Though no signif
icant correlation exists among A, SN, and backcalculated 
subgrade modulus, trends are similar to those observed for 
the CHEVRON basins. The relationship between B and SN 
follows the same trend as for the CHEVRON basins. 

For FWD-measured basins, the backcalculated subgrade 
modulus is significantly correlated with SN for both finite and 
infinite subgrades. Because SN is largely influenced by the 
thickness of the layers above the subgrade, it is clear that the 

[BC= 450 ksi 

PRUEMENT 1 

...................... -..................... "' .. ~ .................. ,. . ... ... ... .. .. . ... .. ... ... .. 
Eob= 50 ksi ::::._._4_"_ ~~ .:::: 
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D = 120 in 
Esg = 14 ksi 

Eoc = 100 ksi 

Eob = 30 ksi 

Esm = 30 ksi 

D = 120 in 
Esg = 14 ksi 

.-. -.-.-.----·. -.-.-.-

PRUEMENT 2 

:::::::: 4~ ·n·e~:::: ...,,... .. . .. .. .. -..... -....... .. ... .. . . .. . .. .. ... ~ ... .. ....................... 

SN= 3.26 
R = 17.82 
B = -.048 

SN= 3.14 
R=19.0l 
B = -.049 

FIGURE 6 A and B for pavements with similar SNs. 
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backcalculation of the subgrade modulus is influenced by the 
thickness of the upper layers. 

A, B, and R2 are important diagnostic tools for identifying 
the deflection basins. For example, Sites 3 and 4 are adjacent 
pavement sections with the same structural number and 
subgrade modulus. The pavements were tested at identical 
loads and temperatures. The A and B values for FWD de
flection basins on these pavements are remarkably similar. 
Thus, A and B values of normalized deflection basins can be 
used to define the structural integrity of the pavements in a 
network-level pavement management system. The approach 
may also be useful in subsectioning a project when a reha
bilitation is considered without backcalculating layer moduli 
for individual deflection basins. However, more study is needed 
to decide this point. 

INTERPRETATION OF ERROR IN 
BACKCALCULATION 

The sum of the absolute percentage errors between a mea
sured basin and an exponential curve-fitted basin can be used 
as a guideline for how far the iteration should be carried or 
for setting the tolerance for the sum of absolute percentage 
errors in a backcalculation routine using elastic layer theory . 
The BKCHEVM (16) backcalculation program was used to 
backcalculate the layer moduli of a number of the sites of 



TABLE9 LOCATION OF TEST SITES AND PAVEMENT TYPES 

Site Location Route Mil..: Post Pavement Type 

Benson llllW 11111.07 5-laycr 

Win!>. low 1411E 2(1() 2 1 4-laycr 

4 Minnetonka 140E 2(>1.78 4-laycr 

Dead River 140E 317.116 4-layer 

(, Flagstaff 117N 1:17.t»l 4-layer 

Crazy Creek 1411E 12.1.78 4-laycr 

') Sun.set Poinl I 17N 251.41 S-layer 

]() Seligman 1411W 131 .71 4-laycr 

12 Ben.son Ea!>.I llOW 103.IKl 4-layer 

14 Jacob Lake US8'JAN 578.IKl 4-layer 

18 Morristown usww 12tl.1111 4-laycr 

19 McNary US2WE 1<i'J.llll S-laycr 

20 Kingman 1411E 5'1.IUl 4-layci 

TABLE 10 LA YER TYPES AND THICKNESSES AT DIFFERENT SITES 

Site/ l.r~rl l-i•~~r2 bl!y~ r 3 Lil~r-1 bJtXh[ ~ 
Sta Mal Thk Mal Thk Mal Thk Mal Thk Mat Thk 

(in) (in) (in) (in) (in) 

1/1 AC 7 BS 2.5 AB 
. 

2 SB 12 SC-SM 

3/1 AC 12 BTB 3 SB SM . 
4/1 AC 11.5 BTB 2 SB 3 SM 

5/1 AC 8 CTB 4.5 SB 7 SM 

6/1 AC 9 AB 4 SB 12 

7/1 AC 8 CTB 6 
. 

SB 6 SM 

9/1 AC 6 BS 4 SB 26 SGS 6 CL·CH 

10/1 AC 
. 

6 AB 6 SB 24 CH 

12/1 AC 6 AB 6 
. 

SB 18 SC-SM -. 
14/1 AC 9 BS AB 4 SC-CH 

18/1 AC 4.25 AB SB 15 

19/1 AC 4.8 BS 2.2 AB SB 6 

20/1 AC 9.5 AB 4 SB 15 

Subgrade Classification based on Unilie<l Method. 
Note: AC: AsphalL Concrete, BS: Bituminous Surrm.:c, BTB: BiLUminous Trc.:atcd Basc 1 C...TB: Cement 

Treated Base, AB: Aggregate Base, SGS: Suhgrude Seal, SB: Suh Base (Select Malcri<1I) 



TABLE 11 CHARACTERISTICS OF FITTED FWD DEFLECTION 
BASINS 

Site/ FWD Test A B R2 SN Esg2 o2 
Sta 1 Temp (0 F) (ksi) (in) 

1/1 70 17.79 -.0510 0.984 3.58 18 140 

~/7 64 7.89 -.0221 0.994 5.30 20 >480, 

4/1 64 7.27 -.0211 0.986 5.30 20.5 >480' 

5/1 55 10.23 -.0261 0.977 5.32 7 85 

6/1 43 7.55 -.0221 0.981 6.37 6.5 60 

7/4 61 17.58 -.0296 0.985 5.24 l3.5 >480' 

9/1 70 12.80 -.0334 0.996 3.94 8.5 72 

10/1 48 16.18 -.0336 0.995 6.52 19 >480' 

12/1 62 15.46 -.0403 0.988 4.42 10.5 100 

14/4 97 15.85 -.0539 0.856 0.97 25 120 

18/1 71 9.74 -.0430 0.924 4.08 50 >480' 

19/1 31 19.03 -.0325 0.996 2.06 10 240 

20/1 61 7.38 -.0413 0.948 4.30 45 1.50 

Notes: l. Station locu1ions «Jrrcspon<l lo drilling and cone peneua1ion Lest sites 
2. Computed from 1111111ual matching of dcOcction basins (After Mamlouk cl al.@) 
3. D > 480 in. signifies semi-infinite subgrn<le 

Radial Distance (in) Radial Distance (in) 

0 
o..-~-..~..-~-..~..-~-..~~~-..~ 

12 24 36 49 60 72 0 
or-~-.~..--.--..~.-~-..~..--.--..~ 

12 24 36 49 60 72 

-2 

"' 
~ -10 

I I 
c: c: .Q 

-~ -4 }j 
~ 1ii 
Cl 

Cl 

-20 - FWD Measured Basin 
-6 - FWD Measured Basin - Filled Basin - Fitted Basin 

-9 -30 

SITES SITE 10 

FIGURE 7 FWD-measured and fitted deflection basins for Sites 6 and 10. 
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TABLE 12 PAVEMENTS WITH FINITE DEPTH OF 
SUBGRADE-CORRELATION AMONG A, B, SN, D, AND 
Esg FOR FWD DEFLECTION BASINS 

A 

B 

SN 

D 

fag 

A fl 

.., 
1.0 -.53 

1.0 

. 
-~ ~Signi fic;rnL al a = 5~) 

Significanl at a = lOo/t,. 

$N 

. 
·.73 

' 0.68 

1.0 

D fag 

' 0.57 ·.24 

*'r 
·0.26 -0.54 

' -0 .61 -0.27 

1.0 0 .29 

I.II 

TABLE 13 PAVEMENTS WITH INFINITE DEPTH OF 
SUBGRADE-CORRELATION AMONG A , B , SN, 
AND Esg FOR FWD DEFLECTION BASINS 

A ll SN Esg 

A 1.0 · .33 -0.45 -!Ufi 

c 
B l.0 0.37 -0.75 

' SN I.I) 0,75 

Esg 10 

Significant ~l l a = 10o/r., 

Table 9. Table 14 shows the sum of the absolute percentage 
errors from backcalculation and that from the exponential fit. 
It is evident that the better the exponential fit, the lower is 
the sum of absolute percentage errors. In all cases except two, 
the error in the BKCHEVM calculation is less than that from 
the exponential fit . Therefore, the iteration for deflection 
matching should be carried out until the error from backcal-
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culation is less than that from the exponential fit; in other 
words, the tolerance should be based on the sum of the ab
solute error percentages in the exponential fit. However , the 
tolerance should also be based on the desired accuracy and 
the cost of computation. 

The results from BKCHEVM also support the recommen
dation for values of R2 presented earlier for deflection basins 
that are suitable for backcalculation with an iteration tech
nique using the elastic layer theory without large error. For 
example, Site 14 has an AC thickness of 9 in . For this AC 
thickness, R2 for an exponentially fitted basin should be greater 
than or equal to 0.88 if the backcalculation is to be done 
without large errors. But the R 2 value for the deflection basin 
at this site is 0.856, resulting in an absolute error of 214.3 
percent. Figure 8 shows the actual FWD-measured and ex
ponential curve- fitted deflection basins for this site . From 
the figure, it appears that the FWD-measured basin has an 
unusual shape that can be explained by judging the value of 
R2 of the exponential fit . Thus, in the deflection-matching 
scheme, a high error tolerance should be used to terminate 
the iteration process for this basin. 

CONCLUSIONS 

An alternative approach was developed for characterizing the 
FWD deflection basin. An exponential curve of the form 
Y = A * e&x, where Y is the deflection in mils and X is the 
radial distance in inches , was suggested for approximating 
deflection basins simulated from elastic layer theory and mea
sured by the FWD. The coefficients A and B appear to de
scribe the pavement structurally. Recommendations were made 
to classify pavements on the basis of the values of A and B 
for network-level pavement classification or subsectioning a 
project when a rehabilitation is considered. The value of the 
coefficient of determination of the exponential fit, R2 , was 
found useful for judging the suitability of an FWD-mea~un:d 
basin for backcalculation of layer moduli in a detlection
matching technique. Values of R2 were suggested for back-

TABLE 14 SUM OF ABSOLUTE PERCENTAGE ERRORS FOR 
FWD DEFLECTION BASINS 

Site/Station R2 BKCHEVM Error(%) EXP. Fit Error(%) 

-1/ I IJ.98(, 28,11 37.5 

5/1 0.977 90 .11 51.0 

7/4 0.985 lf>. l 54.7 

9/1 0.996 8.4 31 .5 

10/1 0,995 8.3 34. 1 

12/1 0.988 16,7 77.68 

1-1 /4 0856 214.3 329.76 

18/ 1 0.924 42.9 192 4 

19/1 0.996 39.2 28 4 

20/1 0.948 ]').(, 142.'J 
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calculation of layer moduli in an iteration scheme using elastic 
layer theory. Guidelines were presented for u ing the value 
of R2 to indicate the error between m asured and computed 
deflections that can be expected during a backcalculation 
analysis. 
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Calculating Pavement Deflections with 
Velocity Transducers 

R. CLARK GRAVES AND VINCENT P. DRNEVICH 

Pavement engineers and researchers agree that valuable infor
mation can be obtained from surface deflection basin measure
ments of pavements. Several methods of applying a load to the 
pavem~nl to ~au e p~ve~enl deflectio~ · have been used for many 
y~ars , mcludmg static, vibratory and impulse types or loadings. 
Vibratory and impulse loading 1ypically u e vel city tran ducers 
to measure the corresponding surface deflections. Methods used 
to calculate pavement deflections caused by impulse I ading arc 
complex. A good understanding or signal analysi and the theory 
~f vibrntion is needed to accurately calculate pavement deflec
llon · from the trnn ducer outputs . An overview of the vari u 
procedures required to accurately calculate these deflections is 
provided. A three-part study has been conducted: theoretical 
modeling or the trnnsducer re ·pon e laborato~y calibration of 
the transducer re p nse, and comparison of independently dc
termfoed deflections with tho e from an impulse loading test, 
referred to as a falling weight detlectometer. 

In the past few years, there has been increasing interest in 
the long-term monitoring of pavement performance. Non
destructive testing has proven to be a good tool for evaluating 
the structure of in-service pavements. 

Pavement engineers and researchers agree (1) that pave
ment surface deflection basin measurements, nondestructive 
tests, provide valuable information on the structural condition 
of pavement systems. Pavement deflections depend on the 
magnitude and mode of loading (ste;iciy state, impulse, or 
vehicular) . The ideal response measurements for structural 
evaluation are those produced under actual design traffic loads, 
but these are not practical now (1). 

Several techniques have been used for nondestmctive p11vP.
ment testing. They are typically divided into three categories: 
static deflection measurements, steady-state vibration deflec
tion measurements, and impulse deflection measurements. 

The steady-state and impulse devices both use velocity 
traf'sducers to calculate pavement deflections. However, the 
method of deflection calculation is considerably different for 
the impulse devices because of the nature of the loading. The 
steady-state devices operate at a fixed frequency, which is 
normally in the linear range of the transducers. Therefore, a 
direct integration of the transducer output provides the pave
ment deflection. 

Impulse testing is generally conducted with a falling weight 
deflectometer (FWD). A weight is lifted a given height above 
the pavement and dropped onto a spring-buffer system. The 
spring-buffer system transfers the load to the pavement over 

R. C. Graves, Kentucky Transportation Center, University of 
Kentucky, 533 South Limestone Street, Lexington, Ky. 40506. 
V. Drnevich, Department of Civil Engineering, University of Ken
tucky, 212 Anderson Hall, Lexington, Ky. 40506. 

approximately 30 msec. The load applied to the pavement 
and the vertical motions at various radial distances from the 
center of the load are measured by using velocity transducers. 
The load is adjusted by varying the drop height and the weight. 
The deflections at the radial distances are calculated from the 
outputs of the velocity transducers. 

Impulse-testing devices generate a transient response, which 
has frequency components that are predominantly between O 
and 100 Hz. Because the response of the velocity transducer 
is not constant across the entire frequency range, a direct 
integration of the transducer output does not provide the 
displacement of the pavement. The response characteristics 
of the transducer across the entire frequency range are 
required to calculate accurate pavement deflection time 
histories. 

The goal of this study was to gain a better understanding 
of the transducers typically used with FWD measurements, 
to evaluate their accuracy, and to develop a technique for 
obtaining accurate pavement displacement time histories. A 
three-phase study was conducted: theoretical modeling of the 
transducer response, laboratory calibration and validation of 
the transducer response, and comparison of independently 
determined deflections with those from an impulse loading 
test using an FWD (2). This research confirms and builds on 
the information presented by Nazarian and Bush (J) for the 
frequency response function approach. 

PHASE 1: THEORETICAL TRANSDUCER 
RESPONSE 

Background 

Velocity transducers (geophones) may be modeled as damped 
single-degree-of-freedom (SDOF) systems. Geophones are 
typically coil-magnet systems, as shown in Figure 1. A mass 
having an attached magnetic coil (labeled "conductor" in Fig
ure 1) is su pended from the case with a spr;.1g. On impact, 
the magnetic: field moves and the mass remains relatively still. 
This causes a relative motion between the coil (mass) and the 
transducer case (magnetic field). The voltage generated by 
this motion is proportional to the velocity of the coil relative 
to the transducer case. Depending on the frequency range, 
the velocity of the coil relative to the case may or may not 
be the actual velocity of the transducer case. When measure
ments are obtained at either the low or the high end of the 
transducer's frequency range, the output is usually not the 
actual velocity response of the transducer case. However, for 
a range of frequencies, the transducer response is directly 
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proportional to the actual velocity response of the transducer 
case, and it is independent of frequency. This concept is better 
shown in Figure 2, in which a velocity transducer output di
vided by actual velocity is plotted versus frequency. Between 
the points labeled A and B in Figure 2, the response of the 
transducer does not significantly change with frequency. How
ever, below Point A and above Point B, the response of the 
transducer is frequency dependent. 

Because the response of the pavement usually occurs in the 
frequency range 0 to 100 Hz, the frequency-dependent re
sponse function must be used to calculate the actual velocity 
from the given transducer output if accurate velocities are 
desired for the entire time history (2 ,3). 

Transducer Simulation 

To properly describe the velocity transducer as an SDOF 
system, the following characteristics must be known : un
damped natural frequency, fn, mass of the suspended body, 
m, and the damping ratio (fraction of critical damping, ~). 

From these parameters, others, such as critical damping, spring 
constant, and undamped natural angular frequency, may be 
calculated (5). 

A typical spring-mass system representing a velocity trans
ducer is shown in Figure 3. The following displacements may 

FIGURE 1 Typical transducer configuration 
(4). 

0 100 200 

FREQUENCY (Hz) 

'100 

FIGURE 2 Typical transducer frequency response 
curve. 
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FIGURE 3 Typical spring mass system. 

be defined: y(t) is the displacement between the mass and the 
transducer case; x(t) is the displacement of the pavement (with 
attached transducer case) relative to a fixed datum; and z(t) 
is the absolute displacement of the mass, defined as follows: 

z(t) = x(t) + y(t) (1) 

If the pavement undergoes a movement x(t), the response 
to the system may be derived from the equation of motion 
stating that the summation of forces in the vertical direction 
(including inertial forces) must equal zero. From a free-body 
diagram the following forces may be determined: the inertial 
force m·i(t), the spring force k·y(t), and the damping force 
c·y(t). Summation of these forces yields the following: 

m·i(t) + c·y(t) + k·y(t) = 0 (2) 

Substituting Equation 1 into Equation 2 and dividing both 
sides by the mass yields 

i(t) + ji(t) + y(t) ~ + y(t) ~ = 0 
m m 

(3) 

This equation may be solved for the pavement acceleration, 
i(t), in terms of the acceleration, velocity, and displacement 
of the mass relative to the case. 

c k 
y(t) + y (t) - + y(t) - = -x(t) 

m m 
(4) 

Substitution of the known transducer characteristics of 
damping and natural frequency into Equation 4 gives 

Y(t) + Y (t)2~wn + y(t)w~ = - i(t) (5) 

where w = 27rf,,. 
Equation 5 is the time domain representation of the SDOF 

system in Figure 3. Using Fourier analysis as presented by 
Ramirez (6), an equivalent equation of motion may be de
termined in the frequency domain . Taking the Fourier trans
form of both sides gives 

Y(w) + Y(w)2~w" + Y(w)w~ -X(w) (6) 

where w is the circular frequency (27rf) and Y(w) , Y(w), and 
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Y(w) are the Fourier transforms of the displacement, veloc
ity, and acceleration, respectively. Integration in the fre
quency domain is accomplished by multiplying the function 
by (jw )- 1 , where j = v=T. Differentiation may be accom
plished by multiplying the function by jw. Performing these 
operations leads to 

Y(w) = -w2 Y(w) 

Y(w) = jwY(w) 

and 

X(w) = -w2X(w) 

(7) 

(8) 

(9) 

Substitution of these equations into Equation 6 yields 

-w2 Y(w) + 2~jwwnY(w) + Y(w)w~ = -w2X(w) (10) 

Solving for X(w) in terms of Y(w) gives 

X(w) = Y(w) (-w
2 

+ w~ + 2~jwwn) 
-w2 

(11) 

which, on rearrangement, becomes 

X(w) = Y(w) [ 1 - (:~) -
2~~w,,] (12) 

The inverse of the term in brackets in Equation 12 is called 
a transfer function of the transducer, because it is the system 
output divided by the system input. It is denoted by H(w). 
Thus, 

(13) 

Pavement Response Simulation 

The pavement motion, which is the input to the velocity trans
du1.:e1, alsu may be simulaletl by using another equivalent 
SDOF model. As mentioned earlier, several system param
eters must be defined to characterize the SDOF system. The 
parameters used for the velocity transducer and for the pave
ment are given in the following table. 

Parameter 

Natural frequency,[., (Hz) 
Damping ratio, ~ 
Spring constant, k (lb/in.) 

Velocity Transducer 

4.5 
0.6 
0.0867 

Computer Simulation of the SDOF System 

Pavement 

100 
0.4 
1,000,000 

The solution to both SDOF models has been completed using 
the computer program DIRECT developed by Paz (7). The 
method of solution is exact for excitations that may be de
scribed by linear segments between points defining the ex
citation function. This is accomplished by linear interpolation 
between the data points. The response of each time interval 
is calculated by considering the initial conditions and a linear 
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excitation during the interval. The values calculated are the 
displacement, velocity, and acceleration time histories for the 
model given by the input parameters. 

In this study, several types of forcing functions were applied 
to the pavement model (Figure 4). All the forcing functions 
have a duration of 0.025 sec and a maximum amplitude of 
10,000 lb. Each forcing function, defined by 256 points, was 
entered into Lhe cumpuler program, and the resulting pave
ment displacement time histories were calculated. 

In modeling the response of the velocity transducer on the 
pavement according to Equation 11, the acceleration of the 
pavement is used as the input excitation to the transducer. 
DIRECT was used again with the velocity transducer param
eters and the pavement acceleration as input. A solution 
was determined for each of the forcing functions shown in 
Figure 4. 

As indicated in Table 1, a change in shape of the forcing 
function changes the peak displacement response of the sys
tem, even when the duration and maximum input force are 
the same. This indicates that pavement deflection basins will 
vary somewhat from device to device for given peak force 
inputs. Although current convention (1,3) utilizes peak input 
force and peak displacements, better correlation among dif
ferent devices could be obtained by using techniques such as 
root-mean-square (RMS) values (8) of both input force and 
measured displacement. In order to obtain RMS values of 
displacement, the entire time history must be accurately de
termined. 

Pavement Displacement Determination from Velocity 
Transducer Model 

A comparison of the pavement displacements from the pave
ment model with the integrated velocity transducer model 
outputs, which are the displacements of the mass relative to 
the transducer case, indicates that they are not the same. The 
results for the half-sine pulse are shown in Figure 5. The 
results for each forcing function are given in Table 1. Besides 
having different peak values, the integrated values are in error 
at all times and have peaks occurring at times different from 
the pavement model peak displacements. 

Frequency Response Method for Displacement 
Calculations 

The frequency response function given in Equation 13 is a 
true transfer function between pavement displacement and 
transducer displacement. It may be modified to calculate the 
pavement response (displacement) from the given transducer 
output. 

Solving Equation 12 for the pavement response in terms of 
the velocity transducer output gives the following: 

X(w) = Y(w) [1- - (-4) - 2~w,,] 
JW W

2
jW W

2 (14) 

A transfer function, Hv(w), may be defined as the ratio be
tween the velocity transducer output Y(w) and the pavement 
displacement X( w ). 
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TABLE 1 COMPARISONS OF PEAK DEFLECTIONS OF 
PAVEMENT MODEL AND INTEGRATION OF VELOCITY 
TRANSDUCER MODEL OUTPUT 

Type of Pulse 
Deflection (mils) 

Pavement Transducer 

Half Sine 10.22 7.98 

Square 12.54 11.43 

Triangle 9.93 7.75 

Glitch 10.73 8.04 

.01 
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FIGURE 5 Displacement of pavement model and displacement calculated 
by integrating the transducer model output. 

Hv(w) = [~ - (~) - 2~w" ] - 1 
JW W

2
JW w2 (15) 

By using Equation 14, the pavement displacement may be 
calculated from the output of the velocity transducer (i.e., 
the velocity of the transducer mass moving relative to the 
transducer case) . 

Calculation of the pavement displacement has been accom
plished by programming Equation 14 in QuickBASIC and 
convoluting it with the transformed velocity transducer out
put. The velocity transducer output (relative velocity) is trans
formed to the frequency domain by using a Fast Fourier 
Transform (FFT) (6). After conversion to the frequency do
main, the velocity is convululed with the frequency response 
function H(w) defined in Equation 15 by using complex mul
tiplication . The pavement displacement versus time is then 
calculated using the inverse FFT. The maximum calculated 
displacements from the velocity liausuucer uulpuls and the 
displacements of the pavement model are compared in Table 
2. There is excellent agreement hetween the two. 

PHASE 2: LABORATORY CALIBRATION OF 
VELOCITY TRANSDUCERS 

Background 

The objective of calibrating velocity transducers is to deter
mine their sensitivity, defined as the ratio of the electrical 
output to mechanical input applied to the specified axis (9). 
The relationship between the transducer sensitivity and fre
quency is commonly referred to as the c:a lihrntion curve, trans
fer function, or frequency response function of the transducer. 
A typical one is shown in Figure 2. 

Because the responses created by the FWD are transient, 
they contain frequency components that are predominantly 
in the range 0 to 100 Hz. The response of a typical velocity 

TABLE 2 COMPARISON OF ACTUAL PAVEMENT 
MODEL AND TRANSDUCER-CALCULATED OUTPUT 
DISPLACEMENT USING FREQUENCY RESPONSE 
METHOD 

Type of Pulse 
Deflection (mils) 

Actua l Calculated 

Half Sine 10 . 22 10 .22 

Square 12. 54 12.52 

Triangle 9. 93 9 .87 

Glitch 10 . 73 10.67 

transducer is not linear throughout this range (see Figure 2) . 
Therefore, for the analysis of these responses, the frequency 
response of the transducer must be established over this fre
quency bandwiulh. 

The theoretical representation of a transducer modeled as 
an SDOF system was developed in Equation 12. However , 
most velocity transducers do not behave as theory predicts; 
empirically developed frequency response functions are nec
essary to characterize them . 

The fastest and most economical form of transducer cali
bration is the comparison method. This method involves si
multaneous measurement of the outputs of the device under 
test and some reference device of known and stable condi
tions , with both devices subjected to the same excitation (9). 

Most calibrations are conducted using an electrodynamic 
shaker that can produce various excitations depending on the 
voltage applied to its armature. The reference device is nor
mally an accelerometer m a velocity transducer built into the 
shaker system. The frequency response function for this sys
tem may be defined as 

(16) 
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where 

SY = linear Fourier spectrum of the output, 
S x = linear Fourier spectrum of the input, 
S; = complex conjugate of Sx, 

Gyx = cross power spectrum, and 
Gxx = auto power spectrum. 

A velocity transducer can be considered to be a linear sys
tem up to limits defined by the travel of its coil. This means 
that the response of the transducer is proportional to its ex
citation (9). Because the transducer is considered a linear 
system, its response is independent of the excitation magni
tude to which it is subjected (10). Therefore, any type of 
excitation of the shaker-swept-sine, random noise, or 
impulse-could be used to calibrate the transducer. 

Frequency Response Curves for FWD Velocity 
Transducers 

Calibration System 

A velocity transducer of the type used in FWDs was mounted 
on an electrodynamic shaker that had an internal velocity 
transducer. An audio range oscillator was used to supply a 
single ramp function having a rise time of 24 msec to the 
shaker. The velocity of the shaker armature and the output 
of the FWD-type transducer were simultaneously recorded 
by the analyzer, a Hewlett Packard 3562A Dynamic Signal 
Analyzer. The use of the shaker velocity transducer to de
termine armature displacement was validated by attaching a 
displacement transducer, an L VDT, to the shaker armature 
and comparing the two. Excellent agreement was obtained to 
frequencies of 20 Hz, where the L VDT data became erratic 
because of vibration of the LVDT support system (2). For 
higher frequencies, a seismic accelerometer with linear range 
from 0.07 Hz to 800 Hz was used. It also provided excellent 
agreement. Details are given elsewhere (2). 

The resulting displacement history of the shaker armature 
is shown as one of the curves in Figure 6. The shape of this 
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curve is similar to that of the theoretical curve developed in 
Phase 1 and given in Figure 5. 

Time Domain Integration of Data of the FWD-Type 
Transducer 

Because the net displacement after applying the ramp function 
was zero, the output of the FWD-type transducer was cor
rected to zero by subtracting (or adding) the corresponding 
average values from (or to) all 2,048 data points. The signal 
was then converted to displacement by simple, time-domain 
integration. The resulting integrated time history displayed a 
very small negative value at time zero even though no dis
placement existed. This small value was added to all inte
grated values (i.e., the zero axis was shifted downward a small 
amount). 

The resulting curve for the time-domain-integrated, FWD
type velocity transducer is also shown in Figure 6. It is clearly 
different from that of the shaker armature, which is the dis
placement applied to the transducer case. It differs not only 
in magnitude but also in times to the peak values. This is 
expected according to the theory for velocity transducers as 
discussed in Phase 1 and shown in Figure 5. 

Generation of the Frequency Response Function for 
the FWD-Type Transducer 

The frequency response function for the FWD-type velocity 
transducer was obtained directly by using the analyzer's fre
quency response function, which operates according to Equa
tion 16. This is equivalent to transforming both curves shown 
in Figure 6 using the FFT function and then, in the frequency 
domain, dividing the FWD-type transducer curve by the curve 
for the actual displacement. The resulting curve is the fre
quency response function for the FWD-type transducer, which 
is shown in Figure 7. The curve is well defined at low fre
quencies but is not well defined at frequencies above 100 Hz . 
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FIGURE 6 Actual displacement of the transducer case and displacement of 
transducer mass relative to the transducer case. 
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FIGURE 7 Frequency response function calculated using the 
ramp excitation. 

The reason is that the displacement applied to the transducer 
was deficient in high-frequency components. 

Hybrid Frequency Response Function for the FWD
Type Transducer 

According to the theory discussed earlier, the frequency re
sponse function should be independent of the type of exci
tation. The FWD-type transducer was calibrated a second 
time with the excitation being random noise having a 0- to 
400-Hz bandwidth . (The analyzer has a built-in random noise 
generator.) The same process was applied to these outputs as 
was applied to the one with the ramp excitation. The resulting 
curve is given in Figure 2. Comparison of the two indicates 
that they are similar in shape and magnitude. Closer exami
nation reveals that the ramp-generated curve has more 
consistent values at freyuern.:ies less than 25 to 50 Hz, the 
random-noise-generated curve has more consistent values in 
frequencies above this range, and values in the 25- to 50-Hz 
range are practically identical. The two responses were com
bined to form a hybrid frequency response curve , as shown 
in Figure 8. The two response functions were combined at a 
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0 100 200 
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FIGURE 8 Hybrid frequency response function. 

100 

TRANSPORTATION RESEARCH RECORD 1293 

specified frequency in the 25- to 50-Hz range to obtain a 
frequency response function that is accurate across the com
plete frequency bandwidth. 

Checking the Hybrid Frequency Response Function 

To check its accuracy , the hybrid frequency response function 
was used on the FWD-type transducer output to obtain a 
calculated displacement. The process involved the following 
steps: 

1. Transform the transducer voltage output from the time 
domain to the frequency domain by use of the FFT. 

2. Divide the transformed data by the FWD-type frequency 
response function. 

3. Integrate the signal to obtain frequency domain values 
proportional to the displacement of the transducer case . 

4. Inverse transform the result back to the time domain . 
5. Check the initial displacement . It should be zero. If it is 

not, adjust all displacement values by the appropriate amount 
to obtain zero initial conditions. 

The resulting displacement is plotted in Figure 9 along with 
the displacement determined by the shaker transducer. The 
two curves are not distinguishable. By use of the analyzer, it 
was established that the peak values differed by less than 1 
percent and that the average difference in displacement over 
the time range 0 to 200 msec was less than 0.1 mil. 

Behavior for Another Frequency Bandwidth 

All of the above procedures were repeated for a frequency 
bandwidth of 0 to 100 Hz (which corresponds to the 8-sec 
data acquisition time). Similar results were obtained, and the 
differences between the measured and calculated displace
ments were even smaller (e .g., peak difference less than 0.25 
percent). The improved accuracy was due to a combination 
of displacement time history curve smoothing caused by the 
longer interval between data points ( 4 msec versus 1 msec) 
and the increased accuracy of the frequency response function 
caused by more closely spaced frequency lines (0.125 Hz ver
sus 0.5 Hz). The technical term for the latter phenomenon is 
reduced leakage (6), which is discussed subsequently. 

In the frequency domain, data can only be determined at 
the frequency lines that are spaced l::i.f apart. Components 
with frequencies between the frequency lines are "leaked" to 
adjacent frequency line values. For the cases studied, very 
low frequency components between the first frequency line 
at 0 Hz and the seconrl frequency line at 0 + l::i.f Hz are leaked 
to the 0 Hz and the l::i.f Hz lines. On performing the inverse 
transform to obtain the time domain data, the 0 Hz compo
nent registers as a DC offset. 

Another possible cause of the DC offset is the periodicity 
of the input that is inherently assumed in Fourier transfor
mations. Veletsos and Ventura described this phenomenon 
in detail (11). The assumption is that the time record repeats 
itself indefinitely (i.e., at the end of the time record, exactly 
the same signal recurs). Real FWD signals are transient and 
last less than 0.5 sec. The entire time record for a 400-Hz 



Graves and Drnevich 19 

.012 

- .008 ~ 

"Ei -f--e 
.001 z 

i:.Ll 
:s 
i:.Ll 

~ 0 
...:I 
Q. 
o;:,J -Q - .001 

-.008 
0 .1 .2 .3 .1 .s 

TIME (sec) 

FIGURE 9 Comparison of shaker displacement and FWD-type 
transducer calculated displacement. 

bandwidth is 2 sec. Hence, a "quiet time" that lasts 1.5 sec 
or longer follows the FWD signal. This problem is identified 
by values of both DC offset and nonzero slope at time zero 
on the inverse transformed signal. Close examination of the 
inverse transformed signals showed the DC offset but zero 
slope, and it was concluded that the DC offset was not caused 
by this phenomenon. The fact that vertically loaded pave
ments exhibit high damping also supports this conclusion. 

PHASE 3: COMPARISON OF DEFLECTIONS 
WITH THOSE FROM AN FWD DEVICE 

FWD Apparatus and Location of Verification Site 

The FWD used in this study was a JILS-20, manufactured by 
Foundation Mechanics, El Segundo, California. The test lo
cation, referred to as the garage, was in the garage adjacent 
to the research building. The pavement structure there con
sisted of 6 in. of portland cement concrete over 4 in. of crushed 
stone over a compacted subgrade . Bedrock is located ap
proximately 10 ft below the surface. 

Comparison Setup 

Two FWD-type velocity transducers, which were calibrated 
during Phase 2, were used for this testing and were indepen
dent of those used as sensors on the FWD. The comparison 
process, similar to the process used by Nazarian and Bush 
(3), consisted of rigidly attaching the independent, FWD-type 
transducers to the pavement as close to the actual FWD sen
sors as possible. The FWD sensors were located at distances 
of 0 , 1, 2, 3, 4, 5, and 6 ft and were labeled Locations 1 
through 7. To ensure that the independent transducers re
mained securely attached in this location, they were screwed 
to aluminum disks that were glued to the pavement. The FWD 
sensors were held in place by springs attached to the sensor 
boom. For the displacement comparison, one transducer was 
used as a reference and remained at Location 2 while the 

other was moved to Locations 3 through 7. It was not possible 
to place a transducer adjacent to the transducer at Location 
1 because of the loading plate surrounding it. 

The recording device was a Hewlett Packard 3562A Dy
namic Signal Analyzer. Because it is a two-channel analyzer, 
a new set of data must be obtained as the transducer is moved 
to each new position. The output from the reference trans
ducer is connected to Channel 1 while the output of the other 
transducer is connected to Channel 2. All data were taken 
over a 2-sec time record, as in Phase 2. 

Test Procedure 

Both single- and multiple-drop tests were performed . The 
JILS-20 FWD can take up to four successive measurements 
at a given location before the boom and loading plate are 
raised from the pavement. Because the analyzer can average 
the measurements, tests were conducted using both a single 
drop and a four-drop series. For the four-drop tests, the volt
age time histories taken by the analyzer were averaged using 
time domain averaging. The displacement was then calculated 
from the averaged velocity signal. For the FWD data , four 
peak displacements were calculated by the FWD software. 
The four peak displacements were averaged and then com
pared with the average displacement calculated by the ana
lyzer. This test procedure was carried out at the site for loads 
of 7,000 and 14,000 lb. 

Displacement Determination 

Calculation of the displacements using the analyzer with sig
nals from the independent transducers was done in the same 
manner as for Phase 2. Typical results for each step are given 
below for one sensor location with a 7 ,000-lb load with a single 
drop . 

The raw voltage output of the independent transducer at 
Location 4 (3 ft from the center of the load) is shown in Figure 
10. This signal, transformed to the frequency domain, is given 
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FIGURE 10 Raw velocity output of independently calibrated transducer 
at Location 4. 

in Figure 11. Integration in the frequency domain is carried 
out by multiplying by jw- 1, and convolution is accomplished 
by dividing the integrated signal by the frequency response 
function for that transducer. The result is the pavement dis
placement in the frequency domain shown in Figure 12. An 
inverse transform is then performed to obtain the pavement 
displacement in the time domain, that is, the pavement dis
placement time history. The time history is then corrected 
for DC offset. The final pavement displacement is given in 
Figure 13. 

Examination of the displacement in Figure 13 indicates some 
interesting features. First, multiple hits have occurred, and 
multiple displacement responses are observed. They are iden
tified as such because each subsequent response has dimin
ished amplitude and occurs at a shorter interval. (Bedrock 
reflections would occur at constant intervals.) The traces also 
indicate that motion at the sensor" consists of multiple cycles 
of vibration that are highly damped. Because the entire time 
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history should be accurate, these characteristics present some 
powerful possibilities, such as determining pavement response 
to multiple force levels from a single test and obtaining pave
ment damping characteristics. 

Displacement Comparisons 

FWD deflections are used to determine deflection basins for 
each location. The deflection basin is a plot of maximum 
displacement versus radial distance from the center of the 
load. Deflections at each sensor location for a single test and 
for a four-test average are included in Figures 14 and 15, 
respectively. Both the FWD-calculated and the analyzer
calculated deflections are shown. 

The difference in the deflections for each basin is calculated 
as the difference between the analyzer- and FWD-calculated 
deflections. The differences are shown as the percentage of 
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FIGURE 11 Frequency domain representation of transducer output. 
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FIGURE 12 Frequency domain representation of calculated 
displacement. 
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FIGURE 13 Calculated deflection time history of pavement. 
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FIGURE 15 Deflection basin, guruge floor , four-test uvcrugc, 7,000 und 
14,000 lb. 

the maximum analyzer-calculated deflection. Tables 3 and 4 
summarize the results for the single drop tests at two different 
loads, and Tables 5 and 6 summarize the results for the 
multiple-drop tests. For perspective, other studies have noted 
that the precision of measurements with an FWD is generally 
within ± 5 percent (J). 

Discussion of Differences 

Tables 3 through 6 indicate that, for the garage floor, the 
difference between the deflections determined by the two 
methods is greater for the four-test average than for the single
drop tests. The differences obtained from the single tests are 
generally between - 3 and + 7 percent, and the differences 
from the four-test average are between + 2 and + 8 percent. 
The deflections determined by the independent transducers 
tend to be larger than those determined by the JILS-20 FWD 
transducers and software. The reason for this is not known 
and is being studied. Some of the differences between the 
two types of tests may be attributed to the method of aver-

TABLE 3 DEFLECTION COMPARISON, 7,000 lb, GARAGE 
FLOOR, SINGLE TEST 

Sensor 
Displacements (mils) Percent 

Location FWD Analyzer Diff. 

3 3 .87 3.82 -1. 31 
2 4 .92 4 . 96 0 . 81 

4 2 . 84 2 . 87 1.05 
2 4 . 94 4 . 90 -0 . 81 

::; 2. 04 2 . 0G 0 . 97 
2 4 .82 4 . 84 0 . 41 

6 l. 36 1 . 39 2 . 16 
2 '1.78 4 . 84 1. 24 

7 0.87 0 . 92 5 . 43 
2 4.81 4 . 87 1.23 

aging. The analyzer averages the raw velocity trace before it 
is used to calculate the displacement. The average values of 
the FWD displacements are calculated from the average of 
the four individual peak displacements. 

TABLE 4 DEFLECTION COMPARISON, 14,000 lb, 
GARAGE FLOOR, SINGLE TEST 

Sensor 
Displacements (mils) Percent 

Location FWD Analyer Diff. 

3 7 . 39 7 .18 -2 . 92 
2 9 . 36 9.34 -0 . 21 

'l 5 . 36 5 . 50 2 . 54 
2 9 . 46 9 , 47 0 . 10 

5 3 ,79 3 . 87 2 . 07 
2 9 . 32 9 .45 1. 37 

6 2 . 68 2 .65 1. 12 
2 9 , 54 9 . 52 0 . 21 

7 1 . 69 1. 82 7 . 14 
2 9 . 57 9.58 0 . 10 

TABLE 5 DEFLECTION COMPARISON, 7,000 lb , GARAGE 
FLOOR, FOUR-TEST AVERAGE 

Sensor Displacements (mils) Percent 
Location FWD Analyzer Dlff. 

3 3 . 54 3 . 72 4 . 84 
2 4 . 45 4 . 72 5 . 72 

4 2 . 72 2.78 2 . 16 
2 4 . 57 4 . 85 5 . 77 

5 2 . 00 2 . 10 4 . 76 
2 4 . 62 4. 86 4 . 94 

6 1.37 1. 43 4 . 19 
2 4 . 57 4.83 S. 38 

7 0 . 88 0 . 94 6 . 38 
2 4 . 60 4 . 87 5 . 54 
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TABLE 6 DEFLECTION COMPARISON, 14,000 lb, 
GARAGE FLOOR, FOUR-TEST AVERAGE 

Sens·or Displacements (mils) 
Percent 

Location FWD Analyzer Dlff. 

3 7 . 07 7.38 4 . 20 
2 9 . 03 9 .118 4 . 75 

4 5 . 17 5 . 49 5 . 82 
2 8 . 93 9 . 32 4 . 18 

5 3 . 65 3 . 92 6 . 89 
2 8 . 86 9.23 4 . 01 

6 2 . 54 2.67 4 . 87 
2 8 . 75 9 . 16 4 . 47 

7 l. 66 I. 76 5 . 68 
2 8 . 97 9 . 36 4 . 17 

The FWD software uses a single frequency response func
tion for all seven velocity transducers, whereas the individual 
frequency response functions were used with the independent 
transducers. Variations among transducers could account for 
sorri.e of the observed differences, especially the variation from 
one transducer location to another. 

As discussed in Phase 2, displacements determined by use 
of frequency response functions are sensitive to values of the 
frequency response functions at very low frequencies. Some 
of the consistent differences could be due to small differences 
in the frequency response functions at the low frequencies. 
A comparison of a typical field deflection calculated by the 
different frequency response curves is presented in Table 7 
for the 7 ,000-lb load. Table 7 indicates that the difference in 
frequency response function may affect the calculated dis
placement. 

SUMMARY AND CONCLUSIONS 

The frequency response function method is a feasible ap
proach to accurately calculating displacement time histories 
from measurements made with velocity transducers. This was 
verified by use of classical mathematical models to describe 
pavement and transducer behavior. The models also were 
used to demonstrate that the shape of the loading function 
influences the peak displacement even when the peak load 
and duration of loading are kept constant. The procedures 
were validated in the laboratory utilizing an electrodynamic 
shaker and an FWD-type velocity transducer. It was found 
that the accuracy of the method depends on obtaining accurate 
frequency response functions, especially in the very-low-

TABLE 7 FREQUENCY RESPONSE FUNCTION EFFECTS 
ON ACTUAL FIELD DEFLECTIONS, 7,000-lb LOAD, 
SINGLE TEST 

Frequency Response Displacement Percent Diff. 
Function (mils) from FWD 

Random Noise 5.42 1.10 

Impulse 5.54 3.25 

Hybrid 5.50 2.54 

FWD 5.36 0.00 

23 

frequency range, where the function varies greatly with 
frequency. 

A comparison was made at one site with independent trans
ducers used side by side with those of a JILS-20 FWD. Agree
ment between the two was generally good, but deflections 
determined by use of the independent transducers gave slightly 
larger deflections, on the average, than those from the FWD 
sensors and software. Reasons for these differences include 
methods of averaging and accuracy of the frequency response 
functions for specific transducers, especially in the low
frequency range. 

The frequency response function approach gives accurate 
time histories for the entire time record. This is important 
because it allows for determining accurate deflection basins 
that account for different shapes of loading functions. It also 
may allow for calculating pavement response to multiple force 
levels from a single test, because data associated with the 
bounces could be used. This could mean a savings in both 
testing time and expense. 
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Development of an Absolute Calibration 
System for Nondestructive Testing 
Devices 

SoHEIL NAZARIAN, VIVEK TANDON, AND RoBERT C. BRIGGS 

Many highway agencies use falling weight deflectometers (FWDs) 
for pavement evaluation. The primary function of the FWD is to 
measure a deflection basin due to a load imparted to the pave
ment. Deflection basins measured in the field are used to back
calculate modulus profiles of pavement sections. Accurate de
termination of deflection basins in the field is critical. Velocity 
transducers (geophones) are used to determine the deflections, 
and load cells are used to measure the applied loads. The accuracy 
of deflections and loads obtained from these devices is of much 
concern, and a system is needed to calibrate them. A recently 
developed absolute calibration system is described. The system 
consists of two well-calibrated geophones, three load cells, a signal
conditioning unit, a loading plate, an analog-to-digital (AID) board, 
and a computer. Software was developed to control the AID 
board and to reduce the data. Geophones were selected for the 
calibration of the FWD sensors after an evaluation of the accuracy 
and precision of five candidate sensors. An aluminum loading 
plate was constructed to allow mounting of the load cells in line 
with and below the FWD load cell. The calibration curves of all 
load cells were traceable to the National Bureau of Standards. 
The effects on the calibration factors of load cells of using the 
aluminum plate were small. The signal-conditioning unit was de
veloped to condition the signals before acquisition. The system 
was used to calibrate an FWD device. The system was effective. 
A calibration process is proposed on the basis of an analysis of 
the data collected. The calibration system is cost-effective, ac
curate, and rugged, and it can be used by highway agencies to 
calibrate their FWD devices. 

It has become increasingly important in recent years to eval
uate the performance of deflection and load sensors of falling 
weight deflectometer (FWD) devices. A small error in de
flections measured in the field may yield significantly erro
neous modulus values (1). A reliable method for evaluating 
the accuracy of the sensors used for determining these de
flections is necessary. An absolute calibration system is re
quired for this purpose. 

An absolute calibration consists of determining the accu
racy with which the deflections and loads are measured by 
using an independent system. Such a system has been pro
posed by Richter and Irwin (2). At a minimum, the following 
criteria should be met: (a) the calibration of the load and 
deflection sensors should be traceable to the National Bureau 
of Standards, and (b) all sensors should be calibrated in place. 
In this manner, the decoupling of the loading and sensing 

S. Nazarian and V. Tandon, Department of Civil Engineering, The 
University of Texas at El Paso, El Paso, Tex. 79968. R. C. Briggs, 
Texas State Department of Highways and Public Transportation, 
Austin, Tex. 78701. 

mechanisms and the coupling of the sensing mechanism to 
the pavement can be verified. The device recommended by 
Richter and Irwin provided a good start, but it does not satisfy 
the two criteria. Low cost and portability are other desirable 
characteristics. 

The development of an absolute calibration system and the 
procedure used to calibrate an FWD device are described. 
To identify the most accurate and practical sensors for the 
system, five commercially available sensors were investigated. 
Different types of motion were used to compare the perfor
mance of each sensor. The evaluation procedures, selection 
criteria, and recommendations regarding the most suitable 
sensor type are included. 

The selected sensors were used to develop an absolute cal
ibration system. The components of the calibration system 
are described in detail. A computer algorithm developed to 
collect and reduce the data obtained from the sensors is also 
described. 

The data obtained from the calibration system were com
pared and analyzed with the data obtained simultaneously 
from an FWD device. The effects of different parameters, 
such as drop height and pavement type, on the deflections 
and loads obtained from both devices are discussed. On the 
basis of an evaluation of the data collected with the calibration 
system and the FWD device, a calibration process is proposed. 

SELECTION OF SENSORS 

The calibration system consists of several deflection sensors 
and load cells. The selection of proper sensors for each of the 
components was critical. Five deflection-measuring devices 
were evaluated, including an accelerometer, a linear variable 
differential transformer (LVDT), a proximeter probe, a laser 
optocator, and a geophone. These devices were selected be
cause of their commercial availability and their effectiveness 
in deflection measurement (3). 

Sensor characteristics considered in the evaluation were 
accuracy, precision, field worthiness, cost, and mounting. 
Amplitude of vibration, type of excitation, and frequency 
content of vibration were studied over a wide range to eval
uate fully the five candidates. Tests were carried out in the 
laboratory so these variables could more closely be controlled. 
The setup used for the evaluation of accuracy and precision 
of each sensor type is shown in Figure 1. 

A detailed account of the testing procedure and results is 
given by Tandon (3). In summary, the amplitude of vibration 
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FIGURE 1 Schematic of setup used for evaluation of five sensors. 

varied between 1 and 25 mils. Such a broad range was studied 
to ensure proper response of the sensors to small as well as 
large amplitudes. Different types of excitation were investi
gated to determine the appropriateness of each sensor type 
for use in calibrating the various types of nondestructive test
ing devices. Types of excitation included impulse (transient) 
motions and steady-state vibrations. Three type ofimpulses
half-sine, triangular, and square-were used. For the impulse 
tests, the duration impulse varied between 12.5 and 175 msec 
to cover the frequency ranges of interest in nondestructive 
testing methods. For the steady-state tests, the frequency of 
vibration varied between 5 and 100 Hz. 

The accuracy of the sensor types was determined by com
paring deflections measured with each device against those 
measured with a proximeter probe (Figures 2b and 3b). The 
proximeter is an accurate and precise deflection-measuring 
device in the laboratory because of its noncontact nature. 

As an example, data obtained from a geophone and an 
L VDT under half-sine impulse motion are shown in Figures 
2 and 3, respectively. The LVDT used was similar to that 
suggested by Richter and Irwin (2). The variances as a func
tion of impulse width and deflection level are shown in Figures 
2a and 3a. Each experiment was repeated 10 times to deter
mine the variances. In all but a few cases, the variance was 
less than 0.5 percent, and it never exceeded 1.5 percent. Such 
a small variation can be attributed to background noise. The 
accuracy of geophones under steady-state motion, compared 
with the proximeter, is typically within 2.5 percent. 

The advantages and disadvantages of all the sensors and 
their direct and indirect costs are given in Table 1, which 
indicates that geophones are the most practical of the sensors 
evaluated. They are rugged enough for the field testing, cost 
less than other sensors, and do not need a special type of 
mounting fixture because they can be attached to the pave
ment with the help of modeling clay. Tests indicate that the 
use of clay does not affect the response of the geophone in 
the frequency range of interest for FWD testing. No post- or 
preamplification or signal conditioning is needed for collec
tion of data, resulting in large cost savings. The cost of cali
bration of each device is approximately the same. 

The load-measuring sensor was selected on the basis of 
commercial availability and calibration curves traceable to the 
National Bureau of Standards. However, one of the load cells 
was calibrated in the laboratory to confirm the calibration 
factor. 

DESCRIPTION OF CALIBRATION SYSTEM 

The system developed consists of a load calibration compo
nent and a deflection calibration component. Figure 4 shows 
a block diagram of the fundamental components. 

The load calibration component consists of three load cells 
and an aluminum plate. The deflection calibration component 
consists of two well-calibrated geophones and a signal
conditioning unit (SCU). A data acquisition system and a 
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FIGURE 3 Evaluation of an L VDT under half-sine impulse 
motion. 

TARLF. 1 COMPARISON OF CHARACTERISTICS OF FIVE DEFLECTION SENSORS 

Sensor 

Characteristic Accelerometer LVDT 

Cost ($) 350 1'i0 
Supporting Power amplifier Power supply 

devices ($300) ($400) 
Precision, Moderate Good 

steady state 
Precision, Poor Good 

impulse 
Accuracy, Moderate Good 

steady state 
Accuracy, Poor Good 

impulse 
Field worthiness Good Moderate 
Mounting Very easy Difficult 

computer are also used. The components are controlled and 
all collected data are reduced and presented through a com
puter algorithm. Figure 5 shows the entire system. 

The FWD device imparts a load to the pavement by drop
ping a weight from different heights. The load is transferred 
to the pavement through a polyvinyl chloride (PVC) plate. 
An aluminum plate with the same thickness and diameter as 
the PVC plate was fabricated (Figure 6). A PVC plate cannot 

Geophone Proximeter Laser 

40 400 >10,000 
Power supply 

($400) 
Good Very good Excellent 

Good Very good Good 

Good Excellent Excellent 

Good Good Good 

Very good Moderate Poor 
Very easy Difficult Difficult 

be used for calibration because the high flexibility of this 
material results in erroneous measured loads. 

Six holes were drilled in the plate for fastening the load 
cells to the plate. Three holes, 120 degrees apart, each located 
halfway between two screws, were used for connecting the 
aluminum plate to the FWD device. The other three holes 
were made along a diametral line. The first three holes are 
used for calibration and the other three to study the variation 
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Load Calibration 

Load Cell 

Power Supply 

Deflection Calibration 

Signal Conditioning 
Uni! 

Anti Aliasing 
Filter 

Computer 

t 

t 
AJD Board 

FIGURE 4 Diagram of calibration system. 

FIGURE 5 Components of calibration system: A, computer; 
B, SCU; C, aluminum plate; D, geophones; E, load cell. 

of load along the diameter of the FWD plate. Grooves were 
cut in the plate to accommodate load cell cables. Three small 
holes were also provided for fastening the aluminum plate to 
the FWD device. 

Three load cells with calibration curves traceable to the 
National Bureau of Standards were used. The nominal cali
bration factors for the load cells were 250 m V /kip with a 
capacity of 20 kips. The effect of mounting the load cells in 
the aluminum plate was found to be negligible (3). 
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FIGURE 6 Aluminum plate developed for calibration system: 
A, aluminum plate; B, hole for load cell; C, slot provided for 
load cell cables. 

The two geophones used in the calibration system have 
nominal natural frequencies of 4.5 Hz, nominal damping ra
tios of 70 percent, and nominal gain factors of 0. 75 V/in./sec. 
For a typical pavement, the voltage output is on the order of 
100 mV to 1 V. 

The SCU, which was designed, built, and tested in house, 
consists of an eight-channel analog filter and a triggering 
mechanism, as shown in Figure 7. The filter is a fourth-order, 
low-pass filter with a cutoff frequency of 250 Hz. The unit is 
placed between the sensors and the analog-to-digital (AID) 
board. Each load or displacement sensor is connected to one 
channel of the unit (see Figure 7). The signal can be filtered 
and output to the AID board, or the filter can be bypassed 
and the output directed to the board. Each channel has a 
switch for directing or bypassing the signal through the filter. 
The SCU has eight BNC connectors for connecting the input 
signals. The output signals from the SCU were directed to 
the AID board through a 50-pin connector. There are pro
visions in the unit for starting the AID board through external 
triggering circuitry. The triggering sensor is a proxy sensor. 

The AID board used offers a dynamic range of96 dB, wnich 
is well suited for calibration purposes. The throughput sam
pling rate of 50 kHz was used . The data at each channel are 

"lHR OFF A 

-

FIGURE 7 A, SCU; B, proxy switch. 
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measured -at a rate of about 10 kHz. The AID board is not 
equipped with a simultaneous sample-hold circuit. However, 
because most of the energy is concentrated below a frequency 
of 100 Hz, that deficiency is of little consequence. 

Calibration system software was developed for an IBM PC
compatible computer. The program can control the acquisi
tion and retrieval of the analog data captured by the sensors, 
reduce the collected data, and display and analyze lhe raw 
and reduced data. The program provides software-controlled 
initialization and identification of the AID board and facili
tates the collection of data using direct memory access. The 
acquired data are stored in a file for further processing. A 
flowchart of the program is shown in Figure 8. The program 
can be used in two modes: (a) to collect data through the 
board and process them or ( b) to reduce previously collected 
data. 

The software is programmed for calibration of either the 
Dynaflect or the FWD device. A third option is provided for 
flexibility. With this option, any other type of sensor reacting 
to either a steady-state sinusoidal load or an impulse load can 
be calibrated. If this option is selected, a table containing 

Reduclion 

I Initialize The AID Ooar<l j 

FWD Device 

Impulse 

Call FWO 
Subroutine 

No Plols 

I 

Dynaflocl 

Call lJynallecl 
Subrouline 

FIGURE 8 Flowchart of computer program. 
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parameters for collection and reduction of data will appear 
on the screen. The parameters consist of the desired number 
of channels for collection of data, the type of sensor used 
with each channel, the calibration properties of each sensor, 
the time span for collection of data, and the number of data 
points per channel. The values of the parameters can be spec
ified or default values chosen. The default values can also be 
read from a file previously saved. 

The program saves the setup information and the collected 
data in one file. The program then reduces the collected data. 
The load obtained from each load cell and deflections mea
sured with sensors are shown on the screen. The raw or re
duced data can be plotted on the screen. 

DESCRIPTION OF CALIBRATION PROCESS 

The process for calibrating the FWD load cell is as follows. 
An appropriate site, consisting of a thick rigid pavement sec
tion, should be identified. Concrete thickness of 18 in. or 
greater is recommended; otherwise, the loss of strain energy 
in the paving material may result in large errors. The site 
should be reasonably flat to minimize the nonuniform distri
bution of loads among the three load cells. An asphaltic pave
ment section is not appropriate for load calibration. 

The FWD's PVC loading plate should be replaced by the 
aluminum plate encasing the calibration load cells. The use 
of ruhher pllctding between the loading plate and the pave
ment is not recommended. The padding will absorb part of 
the energy imparted by the drop weight to the FWD system, 
which will cause erroneous results. 

The calibration process should be performed in two phases. 
Both consist of 10 drops. In the first phase the FWD load 
plate remains seated between successive drops. In the second 
phase the load plate is lifted and reseated between drops. 
Both phases should be repeated four times, each from a dif
ferent drop height. Phase 2 is designed lo quantify load vari
ability due to plate seating. The loads should be recorded by 
the FWD and calibration system simultaneously . The average, 
standard deviation, and the coefficient of variation of all drops 
should be calculated for each device, drop level, and phase. 
A Student's t-test should be done to test for differences in 
recorded load between the FWD and calibration system. 

The data from the four drop heights should be plotted using 
the FWD loads as the independent variables and the calibra
tion system loads as the dependent variables. The least-squares 
best-fit regression line should then be determined. The upper 
and lower bounds corresponding to a confidence level of 95 
percent should be included on the same plot. If the 95 percent 
interval confidence level encloses the line of equality, no ac
tion should be taken. Otherwise, the calibration factor of the 
FWD load cell should be adjusted. 

If the coefficient of variation is more than 4 percent, the 
calibration process should be terminated. Some other factor, 
such as the mounting mechanism or a bad electrical connec
tion, may be interfering with the sensors. The value of 4 
percent is based on the precision of the sensors. 

The calibration process to be followed for the deflection 
sensors is similar to that for the loads. A flexible pavement 
site is appropriate for calibrating the FWD sensors. Deflec
tions of more than 25 mils should be obtained for sensors 
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close to the loading plate. Tests on concrete sites are not 
recommended unless the FWD is used extensively on rigid 
pavements. 

The reference geophones are placed close to the FWD sen
sors. The weight is dropped, and the deflections are measured 
with both the FWD and the calibration system. The load 
imparted to the pavement is also measured with the calibra
tion system. The measured loads are used to normalize the 
deflection, as described later. This process is repeated at least 
10 times. The average, standard deviation, and coefficient of 
variation of deflections measured with the two devices and 
the load measured with the calibration system are calculated. 
A Student's t-test on the two samples should be carried out 
to verify whether means of the two samples are statistically 
the same. 

This process is repeated for four representative drop heights. 
The results from the four drop heights are plotted using the 
deflections measured with the FWD as the independent var
iable and the deflections measured with the calibration system 
as the dependent variable. The least-squares best-fit line and 
the upper and lower bounds of a 95 percent confidence in
terval should be plotted. If the line of equality is enclosed 
within the 95 percent confidence interval, no change is nec
essary. Otherwise, the calibration values should be revised. 

If the coefficient of variation measured with a sensor is 
more than 4 percent, the calibration process should be ter
minated. Some other factor, such as the mounting mechanism 
or a bad electrical connection, may be interfering with the 
sensors. 

CALIBRATION EXAMPLE 

An example is included to clarify the steps involved in the 
calibration of an FWD. The data used in the example were 
collected with an FWD device (3). 

A calibration curve for the load cell of an FWD device is 
shown in Figure 9. Forty data points, corresponding to the 
10 drops per drop height, are included in the figure. The data 
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FIGURE 9 Calibration curve for FWD load cell. 
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are clustered in four groups corresponding to the four drop 
heights. The best-fit line and the line of equality are also 
shown. The two lines are close to one another, indicating the 
closeness of the calibration value to unity. The slope of the 
line (the calibration value) is actually 0.97. 

The line of equality and upper and lower bounds corre
sponding to a confidence interval of 95 percent are shown in 
Figure 10. On the basis of this figure, a correction of the 
calibration value is necessary. 

The calibration curve for Deflection Sensor 2 is shown in 
Figure 11. The data are clustered in three groups. Because 
of lack of time, only three load levels were used. The best
fit line and the line of equality are also shown in Figure 11. 
The best-fit line, line of equality, and upper and lower bounds 
of the 95 percent confidence interval are shown in Figure 12. 
Obviously, a significant difference exists between the FWD 
load cell and Deflection Sensor 2. There is no doubt that the 
calibration of Deflection Sensor 2 should be revised. 

The calibration factors for all sensors are summarized in 
Table 2. The calibration factors for both the wraps and the 
repetitions are included. It can be seen that the effect on the 
calibration factors of lifting the loading pad after each drop 
is small. 

SUMMARY AND CONCLUSIONS 

A system was developed for the absolute calibration of FWD 
devices. The calibration system consists of two well-calibrated 
geophones and three load cells with calibration constants 
traceable to the National Bureau of Standards. An SCU was 
also developed to precondition the signals. The SCU consists 
of antialiasing filters and a triggering mechanism. A computer 
algorithm was coded for collection and reduction of data. Data 
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FIGURE IO Ninety-five percent confidence interval obtained 
from load measurements. 
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TABLE 2 CALIBRATION FACTORS FOR 
FWD SENSORS 

Calibration Factor 

Sensor Repetition Wraps 

Load cell 0.97 0.97 
Geophone 2 0.91 0.91 
Geophone 3 0.99 0.99 
Geophone 4 0.96 0.96 
Geophone 5 0.98 0.98 
Geophone 6 0.95 0.95 
Geophone 7 0.95 0.95 

can be collected from the load cells and geophones, reduced, 
and compared with the loads and deflections obtained si
multaneously from the FWD. A calibration factor for both 
the FWD load cell and geophones can be determined on the 
basis of linear regression between data collected by the cal
ibration system and those reported by the FWD device. 

On the basis of field and lahorntory investigations, the fol
lowing conclusions can be drawn: (a) the calibration of FWD 
devices used by highway agencies is necessary; ( b) geophones 
are feasible for use in the calibration; and (c) for the calibra
tion of load cells, a portland cement concrete pavement should 
be used, whereas deflection sensors should be calibrated on 
an asphalt section. 
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Effect of Various Load Distributions on 
Backcalculated Moduli Values in Flexible 
Pavements 

BASSAM E. TOUMA, ]AMES A. CROVETTI, AND M. Y. SHAHIN 

The structural adequacy of pavements is routinely evaluated by 
analyzing measured deflections collected with nondestructive testing 
devices such as the falling weight deflectometer (FWD). The 
FWD is an impulse loading device that closely simulates moving 
wheel loads in both magnitude and duration. The FWD is typi
cally equipped with a circular loading plate and several deflection 
sensors positioned at discrete locations from the center of the 
loading plate. Virtually all available backcalculation programs 
that use linear elastic theory assume a circular loaded area and 
uniform stress distribution under the loaded area . Any deviation 
from these assumptions will introduce an error. To investigate 
the magnitude of this error, the multielastic layer computer pro
gram BISAR was used to calculate surface deflections for a lim
ited factorial of pavement layer thicknesses and stiffnesses. Three 
contact stress distributions were considered: uniform (full con
tact), partial edge distribution (rutting) , and partial circumfer
ential distribution (weak pavement). The calculated deflections 
from each loading case were used to backcalculate layer moduli 
with the ELSDEF computer program . Results from the three 
cases were analyzed and the relative errors computed. The anal
ysis indicated that if full contact is assumed when in reality it did 
not occur, significant errors in the backcalculated moduli values 
of the pavements analyzed may result. 

The proliferation of nondestructive deflection testing devices 
has led to a dramatic increase in the use of deflection data 
for the structural analysis of flexible pavement systems. 
("Flexible" describes conventional asphalt concrete pavement 
systems composed of an asphalt concrete surface layer over 
one or more layers of crushed aggregate resting on the natural 
subgrade.) Backcalculation of the elastic moduli of pavement 
layers is one such use. Programs based on linear elastic theory , 
such as ELSYM5, BISAR, ELSDEF, BISDEF, and so forth , 
are commonly used for this purpose. 

In backcalculation of layer moduli , it is commonly assumed 
that the applied load is uniformly distributed over the pave
ment surface. Available loading plates used by falling weight 
deflectometers (FWDs) fall into two basic categories: seg
mented and nonsegmented. Both types are constructed of a 
semirigid upper portion with one or more layers of rubber 
membrane attached to the underside. It has been assumed 
that the rubber membranes transform the semirigid loading 
plate into a flexible loading plate , thus producing uniform 
pressure distributions over the pavement surface. To date, 
the authors know of no documentation that confirms this 
assumption. 

ERES International, Inc., 1401 Regency Drive East, Savoy, Ill. 61874. 

The objective of this study is to investigate the effect of 
various load pressure distributions on calculated surface de
flections for a range of flexible pavement systems. The cal
culated deflections are then used to backcalculate layer mod
uli values, assuming a uniform load distribution. The error 
introduced in the backcalculated moduli due to the varying 
applied load distributions is determined. Finally, the relative 
error introduced because of the varying load distributions is 
determined. 

PAVEMENT LOADING SIMULATION 

Pressure distributions were selected to reflect potential field 
conditions (i.e., pavement irregularities) that preclude uni
form stress distributions. Figure 1 shows loading conditions 
that may result from varying pavement surface conditions. 
The full contact case represents the assumed "control" con
dition, in which uniform pressure distribution is achieved under 
the loading plate. The rut condition assumes that surface rut
ting is such that the central portion of the loading plate will 
not come into contact with the pavement surface. The outer 
rim contact case assumes that the loading plate is significantly 
stiffer than the pavement being tested, resulting in a rigid 
rather than a flexible loading plate condition. 

The computer program BISAR was used to calculate sur
face deflections that would result from each loading case over 
a number of pavement systems. The individual load locations 
selected for each load case were chosen to best simulate the 
load distributions while satisfying program constraints. For 
all program runs , the total applied load was kept constant at 
9,000 !bf. Figure 2 shows the loading geometry used to sim
ulate loading conditions for BISAR calculations for Cases 1, 
2, and 3. Table 1 gives the pressure, radius, and coordinates 
of each discrete circle in the loaded areas. 

Layer moduli were varied for the asphalt concrete pave
ment layer to produce a factorial experiment that encom
passed a realistic range of in-service pavement systems. Figure 
3 shows the cross sections investigated during this study. 

To validate the assumption that discretization of the loaded 
area will yield valid results, trial runs were conducted using 
BISAR, in which Case 1 (full contact) loading was investi
gated. Deflection basins produced from the actual full contact 
were compared with those produced from the simulated full 
contact and were found to be in excellent agreement. Figure 
4 shows a typical output. The basins are essentially the same 
except at D0 , where there is a difference of less than 1 percent. 
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Case 1 
Full Contact (control) 

Case 2 
Side Contact (rutting) 

Case 3 
Outer rim contact (weak 
pavement) 

FIGURE 1 Possibilities for contact area shapes. 

Case 1 Case 2 
Full Contact (control) Side Contact (rutting) 

Case 3 
Outer rim contact (weak 
pavement) 

FIGURE 2 Approximations of contact areas for BISAR 
calculations. 

TABLE 1 DISCRETIZED LOAD PARAMETERS FOR 
EACH LOADING CASE SHOWN IN FIGURE 2 

Case No. Circle Pressure Radius X-Y Coordinates 
No. psi. in. in. 

1 1 82.02 1.97 0.00 0.00 
2 82.02 1.97 4.00 0.00 
3 82.02 1.97 0.00 4.00 
4 82.02 1.97 -4.00 0.00 
5 82.02 1.97 0.00 -4.00 
6 82.02 1.97 2.83 2.83 
7 82.02 1.97 2.83 -2.83 
8 82.02 1.97 -2.83 2.83 
9 82.02 1.97 -2.83 -2.83 

2 1 233.56 1.108 -2.94 0.00 
2 233.56 1.108 -3.58 3.18 
3 233.56 1.108 -4.73 0.82 
4 233.56 1.108 -4.54 -1.49 
5 233.56 1.108 -3.43 -3.31 
6 233.56 1.108 2.87 -0.15 
7 233.56 1.108 3.36 -3.48 
8 233.56 1.108 4.59 -1.52 
9 233.56 1.108 4.69 0.73 

10 233.56 1.108 3.68 3.01 
3 1 140.45 1.505 0.00 4.44 

2 140.45 1.505 2.37 3.45 
3 140.45 1.505 4.39 0.75 
4 140.45 1.505 3.79 -2.17 
5 140.45 1.505 1.36 -4.11 
6 140.45 1.505 -1.60 -4.06 
7 140.45 1.505 -3.80 -2.10 
8 140.45 1.505 -4.22 0.87 
9 140.45 1.505 -2.77 3.49 
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Asphalt Concrete Layer 
HAC = 4", 8", 12" u = 0.35 
EAc = 200 ksi, 600 ksi, 1000 ksi 

Aggregate Base Course Layer 
HBC = 8" u = 0.40 
~ = 30 ksi, 80 ksi 

Sub grade 
H

5
G = semi infinite u = 0.40 

E5G - 15 ksi 

FIGURE 3 Pavement cross sections investigated. 

Table 2 gives the surface deflections calculated for each 
pavement system under each loading case. The full contact 
loading case (9 ,000-lbf load, 5 .91-in. radius) defines the exact 
solution. Case 1 was used as the control to define the deflec
tions that would have been expected with the FWD had a 
uniform distribution been modeled by discrete loads. The 
calculated deflections from Cases 2 and 3 represent the de
flections that would have been measured by the FWD if the 
actual load distributions had been altered because of local 
conditions to resemble Case 2 and Case 3 model loadings. 

BACKCALCULATION OF LAYER MODULI 

The calculated deflections for Cases 1, 2, and 3 were used as 
inputs to ELSDEF to backcalculate the elastic modulus of 
each pavement layer, assuming a uniformly distributed load 
over a radius of 5.91 in. During program runs, the tolerance 
of deflection variation was set at 5 percent. Seed moduli values 
and allowable moduli ranges were varied as shown in Tables 
3 through 6. The assumption of a uniformly distributed load 
was made to simulate the common practice of backcalculation 
using FWD deflections. Tables 7 through 10 give the back
calculated layer moduli for each system investigated. 

The tables indicate that the backcalculated moduli values 
for each layer vary significantly from the exact solution for 
Cases 2 and 3. This behavior is shown in Figures 5 through 
11, in which the backcalculated moduli values are plotted 
against the exact moduli values. It is evident that a trend 
exists. The surface moduli tend to be overestimated, whereas 
the second-layer moduli tend to be underestimated, and errors 
produced at the subgrade level were relatively smaller. The 
variation for Case 1 can be used to estimate the error intro
duced by discretizing the load. 

Even if the exact moduli of the pavement system are pro
vided as inputs during the backcalculation process (Tables 7 
and 9), significant errors may still result for the backcalculated 
surface and base moduli. This impact is markedly reduced for 
backcalculated subgrade moduli. 

FIELD LOADING CONDITIONS 

To this point, this paper has been limited to a theoretical 
analysis of the pavement's response to varying loading 
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TABLE 2 CALCULATED SURFACE DEFLECTIONS FOR EACH LOADING CASE 
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200 30 16 4 8 24.80 18.90 13.00 7.01 4.60 3.39 2.88 22.80 16.90 12.40 8.87 4.66 3.36 2.67 22.70 17.00 13.00 7.04 4.62 3.40 2.69 
600 30 16 4 8 19.80 16.30 12.60 7.14 4..66 3.40 2.88 18.90 14.70 12.10 7.00 4.80 3.37 2.66 18.90 16.30 12.60 7.17 4.87 3.41 2.88 

1000 30 16 4 8 17.50 14.30 12.00 7.21 4.73 3.43 2.88 17.00 13.80 11.70 7.08 4.87 3.40 2.66 18.90 14.20 12.00 7.23 4.74 3.43 2.119 

200 30 16 8 8 18.90 12.80 10.90 8.99 4.79 3.52 2.76 16.40 12.30 10.80 8.88 4.74 3.49 2.73 16.30 12.80 10.90 7.01 4.80 3.63 2.76 
600 30 16 8 8 12.00 10.30 9.28 8.71 4..88 3.66 2.84 11 .60 10.10 9.14 8.114 4.83 3.62 2.82 11 .60 10.30 9.28 8.72 4.89 3.86 2.86 

1000 30 16 8 8 10.20 9.12 8.40 8.42 4..86 3.71 2.91 11.93 8.98 8.30 8.36 4.81 3.68 2.811 9.111 11.11 8.40 11.42 4.811 3.72 2.112 

200 30 15 12 8 13.30 10.10 8.90 8.46 4.77 3.83 2.88 11.90 11.77 8.74 8.38 4.73 3.81 2.86 11.80 10.10 8.90 11.46 4.78 3.114 2.87 
800 30 16 12 8 8.79 7.81 7.08 6.73 4.68 3.87 2.97 8.33 7.49 7.01 6.88 4.66 3.86 2.96 8.30 7.62 7.08 6.73 4.68 3.67 2.97 

1000 30 15 12 8 7.33 8.60 8.24 6.26 4.37 3.80 2.98 7.06 8.52 11.20 6.23 4.34 3.59 2.117 7.04 8.60 8.24 6.27 4.37 3.81 2.98 
200 80 15 4 8 18.40 13.30 11.10 7.02 4.81 3.153 2.76 111.80 12.70 10.80 8.112 4.77 3.60 2.74 18.70 13.40 11 .10 7.04 4.82 3.64 2.76 
600 80 15 4 8 16.60 12.30 10.60 8.88 4.80 3.66 2.77 14.80 11.llO 10.30 8.78 4.78 3.153 2.78 14.80 12.40 10.50 8.89 4.81 3.68 2.77 

1000 80 16 4 8 14.30 11.80 10.20 8.82 4.81 3.67 2.78 13.80 11.50 10.00 8.74 4.78 3.64 2.77 13.70 11.80 10.20 8.84 4.81 3.67 2.79 
200 80 16 8 8 14.10 10.80 9.26 8.64 4.79 3.83 2.86 12.70 10.30 9.08 8.47 4.76 3.61 2.84 12.80 10.70 11.27 8.66 4.80 3.84 2.88 
600 80 16 8 8 10.60 9.01 8.20 8.21 4.73 3.66 2.91 10.00 8.85 8.10 8.16 4.811 3.84 2.89 10.00 11.01 8.20 11.21 4.73 3.87 2.91 

1000 80 15 8 8 9.23 8.21 7.80 6.97 4.88 3.67 2.94 8.93 8.09 7.153 6.93 4.83 3.66 2.112 8.90 8.20 7.f!IJ 6.97 4.88 3.87 2.94 
200 80 16 12 8 11 .80 8.79 7.79 6.93 4.80 3.83 2.112 10.40 8.50 7.117 6.88 4.67 3.81 2.91 10.30 8.84 7.80 6.93 4.81 3.83 2.112 
600 80 15 12 8 8.08 8.98 8.49 6.34 4.37 3.68 2.96 7.83 8.86 8.43 6.31 4.36 3.68 2.94 7.80 8.117 8.411 6.34 4.37 3.68 2.96 

1000 80 16 12 8 8.87 8.17 6.84 4.97 4.19 3.51 2.94 8.80 8.10 5.80 4.95 4.17 3.49 2.93 8.68 11.17 6.84 4.97 4.111 3.51 2.94 

Caae 1 Full Contact load Modeling Case 2 Partial Contact load Modeling (Rutting Simulation) Case 3 Circumferential load Modeling (Weak Pavement) 



TABLE 3 INPUT VALUES USED FOR ELSDEF PROGRAM RUNS WITH EXACT SEED 
MODULI (BASE COURSE MODULUS = 30 ksi) 

Layer Thickness •Exact• Moduli •seed• Moduli Moduli Ranges, Ksi. 
(in.) (Ksi.) (Ksi.) Asphalt Layer 

AC I Base AC I BC I SG AC I BC I SG Min I Max 

4 8 200 30 15 200 30 15 50 2000 
4 8 600 30 15 600 30 15 50 2000 
4 8 1000 30 15 1000 30 15 50 2000 

8 8 200 30 15 200 30 15 50 2000 
8 8 600 30 15 600 30 15 50 2000 
8 8 1000 30 15 1000 30 15 50 2000 

12 8 200 30 15 200 30 15 50 2000 
12 8 600 30 15 600 30 15 50 2000 
12 8 1000 30 15 1000 30 15 50 2000 

Case 1 Full Contact Load Modeling 
Case 2 Partial Contact Load Modeling (Rutting Simulation) 
Case 3 Circumferential Load Modeling (Weak Pavement) 

Base Layer 
Min I Max 

10 75 
10 75 
10 75 

10 75 
10 75 
10 75 

10 75 
10 75 
10 75 

Subgrade 
Min l Max 

5 30 
5 30 
5 30 

5 30 
5 30 
5 30 

5 30 
5 30 
5 30 

TABLE 4 INPUT VALUES USED FOR ELSDEF PROGRAM RUNS WITH SLIGHTLY 
VARYING SEED MODULI (BASE COURSE MODULUS = 30 ksi) 

Layer Thickness •Exact• Moduli •seed• Moduli Moduli Ranges, Ksi. 
(in.) (Ksi.) (Ksi.) Asphalt Layer 

AC I Base AC I BC I SG ACIBC I SG Min I Max 

4 8 200 30 15 200 50 10 50 2000 
4 8 600 30 15 600 50 10 50 2000 
4 8 1000 30 15 1000 50 10 50 2000 

8 8 200 30 15 200 50 10 50 2000 
8 8 600 30 15 600 50 10 50 2000 
8 8 1000 30 15 1000 50 10 50 2000 

12 8 200 30 15 200 50 10 50 2000 
12 8 600 30 15 600 50 10 50 2000 
12 8 1000 30 15 1000 50 10 50 2000 

Case 1 Full .Contact Load Modeling 
Case 2 Partial Contact Load Modeling (Rutting Simulation) 
Case 3 Circumferential Load Modeling (Weak Pavement) 

Base Layer 
Min I Max 

1 75 
1 75 
1 75 

1 75 
1 75 
1 75 

1 75 
1 75 
1 75 

Subgrade 
Min I Max 

5 30 
5 30 
5 30 

5 30 
5 30 
5 30 

5 30 
5 30 
5 30 

TABLE 5 INPUT VALUES USED FOR ELSDEF PROGRAM RUNS WITH EXACT SEED 
MODULI (BASE COURSE MODULUS = 80 ksi) 

Layer Thickness •Exact .. Moduli •seed• Moduli Moduli Ranges, Ksi. 
(in.) (Ksi.) (Ksi.) Asphalt Laver 

AC I Base AC I BC I SG AC I BC I SG Min I Max 

4 8 200 80 15 200 80 15 50 2000 
4 8 600 80 15 600 80 15 50 2000 
4 8 1000 80 15 1000 80 15 50 2000 

8 8 200 80 15 200 80 15 50 2000 
8 8 600 80 15 600 80 15 50 2000 
8 8 1000 80 15 1000 80 15 50 2000 

12 8 200 80 15 200 80 15 50 2000 
12 8 600 80 15 600 80 15 50 2000 
12 8 1000 80 15 1000 80 15 50 2000 

Case 1 Full Contact Load Modeling 
Case 2 Partial Contact Load Modeling (Rutting Simulation) 
Case 3 Circumferential Load Modeling (Weak Pavement) 

Base Laver 
Min I Max 

10 125 
10 125 
10 125 

10 125 
10 125 
10 125 

10 125 
10 125 
10 125 

Subgrade 
Min I Max 

5 30 
5 30 
5 30 

5 30 
5 30 
5 30 

5 30 
5 30 
5 30 
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TABLE 6 INPUT VALUES USED FOR ELSDEF PROGRAM RUNS WITH SLIGHTLY 
VARYING SEED MODULI (BASE COURSE MODULUS = 80 ksi) 

Layer Thickness •Exact• Moduli •seed• Moduli Moduli Ranges, Ksi. 
(in.) (Ksi.) (Ksi.) Asohalt Layer Base Layer Subgrade 

AC I Base ACIBCISG AC I BC I SG Min I Max Min I Max Min I Max 

4 8 200 80 15 200 50 10 
4 8 600 80 15 600 50 10 
4 8 1000 80 15 1000 50 10 

8 8 200 80 15 200 50 10 
8 8 600 80 15 600 50 10 
8 8 1000 80 15 1000 50 10 

12 8 200 80 15 200 50 10 
12 8 600 80 15 600 50 10 
12 8 1000 80 15 1000 50 10 

Case 1 Full Contact Load Modeling 
Case 2 Partial Contact Load Modeling (Rutting Simulation) 
Case 3 Circumferential Load Modeling (Weak Pavement) 

Backcalculated Moduli, ksi 

50 2000 1 125 5 
50 2000 1 125 6 
50 2000 1 125 5 

50 2000 1 125 5 
50 2000 1 125 5 
50 2000 1 125 5 

50 2000 1 125 5 
50 2000 1 125 5 
50 2000 1 125 5 

1400 .--~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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FIGURE 6 Asphalt concrete moduli comparison-rut condi.tion. 

Backcalculated Moduli, ksi 
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FIGURE 7 Asphalt concrete moduli comparison-rim contact. 
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TABLE 7 BACKCALCULATED LAYER MODULI FOR ELSDEF PROGRAM RUNS WITH EXACT SEED MODULI (BASE COURSE MODULUS= 30 ksi) 

Lay8i Th,iCIC,,~ ;:,:,: ·:::: .... ·eac1Cca1cti1at&i PaVerilent Moduli va!UesA<si.-i: ··· · . 
.... 

'. . ... , ...... -.......... ·- . . . . . . .. ' ....... -.-.·. 

(in:)_ •'• ::·::-::-·· ::~: . - '· Case i Case2 .. 

Ac:: .. • .. BG~:· :·_: A~ .. BC . sG: ~El( ;.• Ac ·· BC " sq;, iq_6_ Efr • 

4 8 200.0 30.0 15.0 1.21 247.6 32.8 15.5 2.03 

4 8 600.0 30.0 15.0 1.12 602.1 34.1 15.3 1.61 

4 8 1000.0 30.0 15.0 0.72 938.0 36.3 15.2 1.20 

8 8 200.0 30.0 15.0 1.22 286.7 22.4 15.5 0.78 

8 8 600.0 30.0 15.0 1.10 756.9 14.7 16.0 0.38 

8 8 1000.0 30.0 15.0 0.93 1198.0 19.7 15.4 4.42 

12 8 200.0 30.0 15.0 1.47 272.8 13.7 16.4 4.82 

12 8 600.0 30.0 15.0 2.09 710.7 10.0 16.2 1.29 

12 8 1000.0 30.0 15.0 2.09 1000.0 30.0 15.0 4.16 

* Absolute Error of Convergence from ELSDEF Prociram Runs 

Case 1 Full Contact Load Modeling. 
Case 2 Partial Contact Load Modeling (Rutting Simulation). 
Case 3 Circumferential Load Modeling (Weak Pavement). 

I;:, .cases 
·A.C.n .. . BC 1 .. sG 
370.9 24.6 15.2 

600.0 30.0 15.0 

1000.0 30.0 15.0 

345.9 10.0 16.8 

600.0 30.0 15.0 

1000.0 30.0 15.0 

308.7 10.0 15.9 

716.0 10.0 15.8 

1000.0 30.0 15.0 

. .. ;', ;.,. ,.' ._,,.·~~e61 ottt9,~.:tf.9m. ~aC1 ·~1Jti90 : ... •':· .. : 
¢asQ;'i .· ... ~a:·z case.3 

< 

.: .. _;'.·· -. 

!%.Err• ._,..c·, .. ~c ..$G ' A<t · .. ~:: .. sG . ·--~ : --
.··:Ac .. :-. ~c:. · ··sG:· 

3.32 0.0 0.0 0.0 23.8 9.3 3.3 85.4 -18.0 1.3 

4.46 0.0 0.0 0.0 0 .4 13.7 2.0 0.0 0.0 0.0 

3.88 0.0 0.0 0.0 -6.2 21.0 1.3 0.0 0.0 0.0 

3.94 0.0 0.0 0.0 43.3 -25.3 3.3 72.9 -66.7 12.0 

4.07 0.0 0.0 0.0 26.1 -51.0 6.7 0.0 0.0 0.0 

2.55 0.0 0.0 0.0 19.8 -34.3 2.7 0.0 0.0 0.0 

5.71 0.0 0.0 0.0 36.4 -54.3 9.3 54.3 -66.7 6.0 

3.98 0.0 0.0 0.0 18.5 -66.7 8.0 19.3 -66.7 5.3 

4.69 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

TABLE 8 BACKCALCULA TED LA YER MODULI FOR ELSDEF PROGRAM RUNS WITH SLIGHTLY VARYING SEED MODULI (BASE COURSE MODULUS = 30 ksi) 

Layer Thickn~ Backcalcutatea Pavement Moduli Values, t<Si. · 
(in.) Case 1 Case2 

AC BC AC BC SG %. Err. AC BC SG %err· 
4 8 186.5 30.4 15.0 1.02 229.1 34.2 14.3 1.83 

4 8 561.8 31 .1 14.9 0 .67 612.8 33.6 15.2 0.79 

4 8 992.0 29.8 15.0 0.86 976.1 34.7 15.1 0.75 

8 8 191.2 31.3 14.9 0.60 284.3 23.8 15.3 1.34 

8 8 551.3 35.8 14.9 0.51 750.1 14.0 16.1 1.21 

8 8 918.2 39.6 14.8 0.38 1124.7 19.5 15.5 0.20 

12 8 183.6 36.1 14.8 0.96 311.0 8.3 16.8 1.59 

12 8 537.3 44.6 14.8 0.81 698 .6 7.6 16.8 2.62 

12 8 950.8 27.4 15.3 1.11 1099.4 7.5 16.4 3.68 

* Absolute Error of Convergence from ELSDEF Program Runs 

Case 1 Full Contact Load Modeling. 
Case 2 Partial Contact Load Modeling (Rutting Simulation). 
Case 3 Circumferential Load Modeling (Weak Pavement). 

AC 

403.6 

827.8 

1378.6 

362.1 

1378.6 

1300.9 

317.5 

747.0 

1118.9 

Percent ~tterence from Exact SOiution 
Cas83 Ca5$1 case2 CaSe3 
BO SG %Err .· AC BC SG AC BC. SG. .. AC BC SG 

23.8 15.0 4.69 -6.8 1.3 -0.3 14.5 14.0 -4.7 101 .8 -20.6 -0.2 

26.7 14.7 4.72 -6.4 3.5 -0.5 2.1 12.0 1.3 38.0 -11.2 -1.9 

19.1 15.5 2.08 -0.8 -0.5 -0.3 -2.4 15.6 0.7 37.9 -36.5 3.3 

8.2 17.6 4.04 -4.4 4.3 -0.4 42.2 -20.7 2.0 81.1 -72.8 17.0 

19.1 15.5 2.08 -8.1 19.3 -0.7 25.0 -53.3 7.3 129.8 -36.5 3.3 

5.2 17.8 0.43 -8.2 31.9 -1.3 12.5 -35.1 3.3 30.1 -82.6 18.8 

7.9 16.7 4.96 -8.2 20.4 -1.1 55.5 -72.2 11.7 58.8 -73.6 11.1 

2.9 20.3 2.33 -10.5 48.6 -1.3 16.4 -74.8 12.3 24.5 -90.5 35.3 

3.5 18.7 3.53 -4.9 -8.8 2.0 9.9 -74.9 9.3 11.9 -88.3 24.4 



TABLE 9 BACKCALCULATED LAYER MODULI FOR ELSDEF PROGRAM RUNS WITH EXACT SEED MODULI (BASE COURSE MODULUS= 80 ksi) 

I Layer 1 nicknesl: ~ackca1CU1atea ~avement Moouli Values. KSI. 

(lo.) Case 1 Case2 

AC BC AC BC SG 1% Err. AC BC SG 1% Err* 

4 8 200.0 80.0 15.0 1.44 382.2 n.o 15.1 2.73 

4 8 600.0 80.0 15.0 1.04 684.4 84.5 15.2 1.25 

4 8 1000.0 80.0 15.0 1.32 1013.2 85.9 15.2 0.73 

8 8 200.0 80.0 15.0 1.39 320.7 63.4 15.2 0.69 

8 8 600.0 80.0 15.0 1.28 816.5 55.5 15.3 1.26 

8 8 1000.0 80.0 15.0 1.84 1000.0 80.0 15.0 4.98 

12 8 200.0 80.0 15.0 1.95 316.3 44.5 15.5 2.39 

12 8 600.0 80.0 15.0 1.99 792.5 22.3 16.1 1.78 

12 8 1000.0 80.0 15.0 1.69 1000.0 80.0 15.0 4.90 

• Absolute Error of Convergence from ELSDEF Program Runs 

Case 1 Full Contact Load Modeling. 
Case 2 Partial Contact Load Modeling (Rutting Simulation). 
Case 3 Circumferential Load Modeling (Weak Pavement}. 

AC 

678.2 

1111 .7 

1000.0 

455.6 

600.0 

1000.0 

407.8 

744.0 

1262.7 

. ·~ Percent umerence from t:Xact ~M1on 

Case3 Case 1 Case_.2 Case3 

BC SG %Err• AC BC SG AC BC SG f AC BC 

54.5 14.9 1.83 0.0 0.0 0.0 91.1 -3.8 0.7 239.1 -31.9 

64.4 15.0 2.04 0 .0 0 .0 0.0 14.1 5 .6 1.3 85.3 -19.5 

80.0 15.0 3.83 0.0 0.0 0.0 1.3 7.4 1.3 0.0 0.0 

33.8 15.7 4.28 0 .0 0.0 0 .0 60.3 -20.8 1.3 127.8 -57.8 

80.0 15.0 4.54 0.0 0.0 0.0 36.1 -30.6 2.0 0.0 0.0 

80.0 15.0 2.89 0.0 0 .0 0.0 0.0 0.0 0.0 0.0 0.0 

5.4 19.5 3.20 0 .0 0.0 0.0 58.2 -44.4 3 .3 103.9 -93.3 

28.4 15.9 4.50 0.0 0.0 0.0 32.1 -72.1 7.3 24.0 -&4.5 

4.8 18.3 3.95 0 .0 0.0 0.0 0.0 0.0 0 .0 28.3 -94.3 

8(3 

-0.7 

0 .0 

0.0 

4.7 

0.0 

0.0 

30.0 

8.0 

22.0 

TABLE 10 BACKCALCULATED LAYER MODULI FOR ELSDEF PROGRAM RUNS WITH SLIGHTLY VARYING SEED MODULI (BASE COURSE MODULUS = 80 ksi) 

Layer Thicknes:! Backcalculated Pavement Moduli Values. Ksi. 

(in.) Case 1 Case2 

AC BC AC BC SG 1% Err• AC BC SG 1% Err . 

4 8 188.9 81.2 15.0 1.08 328.1 87.9 15.0 

4 8 534.4 84.2 15.0 0 .73 680.4 87.0 15.1 

4 8 885.5 83.8 15.0 0.82 1022.3 86.7 15.2 

8 8 183.7 86.7 15.0 0.74 323.1 82.8 15.2 

8 8 558.3 87.8 15.0 1.13 832.5 85.8 15.0 

8 8 885.5 97.0 14.9 1.n 1228.1 60.9 15.1 

12 8 185.8 87.9 15.0 0.72 316.0 45.5 15.4 

12 8 576.7 81.8 15.2 2.43 808.3 23.7 15.7 

12 8 1034.5 52.3 15.4 1.21 1271 .2 8 .5 16.9 

• Absolute Error of Convergence from ELSDEF Program Runs 

Case 1 Full Contact Load Modeling. 
Case 2 Partial Contact Load Modeling (Rutting Simulation}. 
Case 3 Circumferential Load Modeling (Weak Pavement). 

3.13 

1.90 

1.67 

0.54 

4.47 

1.94 

1.97 

3.15 

2.30 

AC 

611.8 

1168.8 

1703.0 

459.9 

1023.1 

1474.0 

407.8 

848.9 

1263.1 

Percent Difference from Exact sOfutlon 

case3 Case1 Case2 :·::: case a 
BC SG 1% Err• AC BC SG AC BC SG AC BC SG 

58.1 15.0 2.82 -5.5 1.5 0.0 64.1 9.9 0.0 205.9 -29.9 0 .0 

88.5 14.9 4.32 -10.9 5.3 0 .0 13.4 8.8 0 .7 94.8 -16.9 -0.7 

58.9 15.1 2.52 -11 .5 4.7 0.0 2.2 8.4 1.3 70.3 -28.4 0 .7 

33.2 15.6 3.68 -8.2 8.4 0.0 61.8 -21.8 1.3 130.0 -58.5 4.0 

15.8 18.5 1.87 -7.3 9.7 0.0 38.8 -17.8 0.0 70.5 -80.3 10.0 

14.6 16.5 1.07 -11 .5 21 .3 -0.7 22.6 -23.9 0.7 47.4 -81.8 10.0 

5.4 19.4 3.19 -7.2 9.9 0.0 58.0 -43.1 2.7 103.8 -93.3 29.3 

6.2 18.1 3.01 -3.9 2.2 1.3 34.7 -70.4 4.7 41 .5 -92.3 20.7 

4.5 18.3 4.17 3.5 -34.6 2.7 27.1 -89.4 12.7 28.3 -94.4 22.0 
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FIGURE 8 Base course moduli comparison-full contact. 
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FIGURE 9 Base course moduli comparison-rut condition. 
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Backcalculated Base Course Moduli, ksi 
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FIGURE 10 Base course moduli comparison-rim contact. 
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FIGURE ll Average subgrade moduli comparison-all cases. 

conditions. It has been generally assumed by the pavement 
community that all FWD loading systems produce relatively 
uniform stress distrihntions under the entire loading plate for 
all but severely rutted pavements. Data that significantly alter 
this viewpoint have been collected. 

Two FWD loading plates, segmented and nonsegmented, 
were used under field testing conditions. Pressure-sensitive 
film, manufactured by Fuji Film I & I, was used to obtain a 
footprint of the pressure distribution under each loading plate 
at an applied load of approximately 14,000 !bf. The Fuji Pre
scale Film is available in widths of 270 mm on continuous 
rolls 5 m long and sensitive in the range of 70 to 350 psi. This 
film is composed of an A-film, featuring a layer of microen-

capsulated color-forming material in between, and a C-film, 
featuring a layer of color-developing material. When pressure 
is applied, the microcapsules on the /\-film arc broken, and 
the noncolored, color-forming material is released and ab
sorbed by the color-developing material of the C-film, which 
in turn reacts with the color-developing material to generate 
the colors of the C-film. The microcapsules of color-forming 
material are designed to break at different pressure levels, 
thus allowing for determination of the pressure distribution 
throughout the material. The intensity of the color indicates 
the pressure applied; darker color indicates higher pressure. 

Tests were conducted on three different pavement types, 
as follows: 



Touma et al. 

1. A smooth, newly paved asphalt pavement that had re
ceived very few traffic loadings; 

2. A relatively trong heavily trafficked asphalt pavement 
with a rut depth of \Is in. measured across the radius of I ading 
(Figure 12); and 

3. A relatively weak, lightly trafficked chip-seal pavement 
with a flat profile under the loading plate. 

Before pavement testing, 1 -in. strips of A-film and C-film 
were cut from the film rolls and taped together to form a 
sandwich of prescale film with approximate dimension of 
18 x 10.6 in. The segmented loading plate wa p · itioned on 
U1e pavement surface so that a ·pray-painted outline of the 
loadi11g plate could be made. Next, the prescale film andwich 
was taped onto the pavement surface to cover the loading 
plate outline (11.81-in. diameter) as completely as possible. 
The FWD wa witched to computer operation to produce 
one load at approximately 14,000 !bf (127 psi). The prescale 
andwich wa removed and the FWD driven off the pavement 

surface. 
The second FWD, equipped with a nonsegmented loading 

plate, wa positioned s that the loading plate would fall 
within the previou ly painted loading plate outline. A second 
pre cale film sandwich was taped to the pavement surface. A 
single load at approximately 14 000 lbf wa applied to the 
pavement using the nonsegmented loading plate. The pre cale 
sandwich was removed , and the FWD wa driven off the 
pavement surface. 

Figure 13 hows digitized copies of Ule original pressure 
di ·tributions obtained for each field loading condition. The 
non egmented loading plate produces variable stress distri
butions depending on the type o.f pavement le ted. A rut 
depth as small as 1/s in. produced ignificant alt ration of the 
tre. s distribution applied with the nonsegmenled plate. Con

versely the egmented loading plate provided relatively uni-

FIGURE 12 Rut measurement (3 mm) on a relatively 
strong, heavily trafficked asphalt pavement. 

Smooth newly paved 
asphalt pavemenl. 

Strong asphalt surface 
with 1/8" rul depth. 

Weak asphalt surface 
wilh no rutting. 

Segmented P/aJe NonsegmenJed P/aJe 

FIGURE 13 Actual pressure distribution under rigid and 
segmented plates. 

4l 

form stress distributions regardless of the pavement's surface 
condition. 

SUMMARY AND CONCLUSIONS 

A theoretical analysis of deflection variation as a function of 
load hape for a variety of a phalt pavement sy ·tems has been 
presented. The calculated deflection were u ed as input to 
determine the backcalculated layer moduli of the pavement 
systems. It has been d mon. trated that significant rror can 
be introduced into the pavement analysi · pr ce if mea ured 
deflections are obtained with anything but a uniform stress 
distribution. The error stems from one of the assumptions 
used by the analysi pr .grams- uniform pre ur di tribution 
over the pavement urface. The ern r is pre ent even if the 
exact moduli of the pavement y tem are provided as inputs 
during backcalculation. 

Field test covering a variety of pavement surface conditions 
have been made . The results indicate that the pres ure dis
tributions obtained from the nonsegmented plate were neither 
uniform nor consistent for all cases considered . However, 
consistently uniform distributions were btained from the seg
mented plate. The implication is that a . ignificant source of 
error may be introduced into a detailed pavement analysi 
chat u es FWD deflections if the exact pre sure di tribution 
at the time of loading was unknown. 
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Estimation of Paving Materials Design 
Moduli from Falling Weight 
Deflectometer Measurements 

FRAZIER p ARKER, JR. 

The emergence of mechani tic pavement thickness design pro
cedures or semiempirical design procedures, as contained in the 
1986 AASHTO Guide for Design of Pavement Structures, has 
created a need for me thods of evaluating elastic moduli of paving 
materials and subgrade oil ·. A Ludy ' a. conducrcd to develop 
methods f r u ing fa ll ing weight deflectometer (FWD) measure
ments to determine moduli of in si tu pavement material and to 
compare F 1'/D-estima ted m duli with laborntory-mo11surcd val
ues in order to achieve con istent input t< thickncs de ign pr -
cedures. three-layer pavement model wa u eel Lo chnracterizc 
typical Alabama flexible pavements. Simple procedures were de
velopc;d to account for sea anal varia ti ns and t >estimate average 
or effective moduli values for granular bas - ubba. e and ubgrade 
oil from limited FWD mea urements. A procedure for adjusting 

asphalt-aggregate moduli to standard design temperature (70°F) 
was developed. L 1borat ry m duli f r asplrnll aggregate mix
tur · 1m:asu.red with indirect tension tests (A~'TM D4123) pro
duce moduli that compare well with moduli backcalculatcd from 
FWD pav ment deflection basin measurements. As expected, 
cliaracterizati n of granular ba ·e-. ubbase was most di[ficult. There 
were large difference between WD moduli 11nd laboratory mod· 
u.li from triaxial testing (AA HT T274) . Ali hough s me inc n
sistencie in input to thickne de ·ign procedure may result, 
FWD moduU iue recommended for characterizing in situ granular 
ba e-subba e. In general good agrcern nt wa dern nstrnted be
tween FWD and laboratory (AASHTO T274) moduli for subgrade 
soils. 

The emergence of mechanistic or semiempirical design pro
cedures, as contained in the 1986 AASHTO Guide for Design 
of Pavement Structures (1), has created a need for methods 
of evaluating elastic moduli of paving materials. In addition, 
the emphasis on pavement rehabilitation and maintenance 
activities has increased the need for in situ evaluation. After 
years of utilization and evaluation of in situ testing devices, 
beginning with the static Benkelman beam and progressing 
through various vibratory loading devices, the falling weight 
deflectometer (FWD) has gained widespread acceptance . 

The Alabama Highway Department, preparine for imple
mentation of the 1986 AASHTO Guide and utilization of the 
FWD, funded a study of methods for evaluating elastic moduli 
of paving materials. Portions of that study are described, with 
emphasis on methodology for selection of moduli values for 
use in thickness design procedures. The study was limited to 

Highway Research Center, Auburn University, Auburn, Ala. 36849-
5337. 

flexible (asphalt-aggregate surfaced) pavements with granular 
or asphalt base courses and granular subbase courses. No 
pavements with lime- or cement-treated base, subbase, or 
subgrade were considered. 

The moduli of paving materials backcalculated from FWD 
load-deflection basin measurements reflect pavement con
ditions at the time of measurement and stress conditions in
duced by the applied load. The moduli values must be mod
ified to average or design conditions for use in pavement 
thickness design procedures. Some backcalculation programs 
can modify moduli on the basis of preset criteria. For example, 
ELMOD (2) can adjust asphalt-aggregate modulus for tem
perature and granular base and subgrade for seasonal varia
tions. 

For asphalt-aggregate mixtures, temperature dramatically 
affects modulus, and most design procedures require adjust
ment to a standard design temperature (usually around 70°F). 
The procedure considered for temperature adjustment follows 
that suggested in the 1986 AASHTO Guide. Rate of loading 
also influences asphalt-aggregate modulus. The procedure 
considered for adjusting FWD moduli to values for compa
rable laboratory testing load rates follows that suggested by 
Lee et al. (3). 

Granular base-subbase is the most difficult paving material 
to characterize. The modulus is sensitive to the state of stress, 
and there may be seasonal variations. In Alabama, where 
there is no significant frost action, seasonal variations are 
caused primarily by moisture content variations. Procedures 
for estimating average moduli were considered. Comparisons 
were made with typical granular material constants (k 1 and 
k2) contained in the 1986 AASHTO Guide for dry, damp, 
and wet conditions and with values presented by other re
searchers. 

Subgrade moduli must be adjusted for seasonal variations. 
As with granular base-subbase, this variation is due primarily 
to moisture. The magnitude of the expected variation does 
not appear to warrant application of a procedure as complex 
as the one recommended in the 1986 AASHTO Guide for 
computing an effective roadbed soil resilient modulus. Be
cause there is no significant frost action in Alabama, the rel
ative damage factors are rather uniform, and the use of av
erage moduli for design is considered adequate. 

The sensitivity of moduli of all materials (asphalt-aggregate 
mixtures, granular base-subbase, and subgrade) to stress lev
els was considered. The magnitude of the FWD load was 
varied, and backcalculated moduli were compared. 
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STUDY PLAN 

To develop procedures for estimating design moduli of paving 
materials from FWD measurements, a program of sampling 
and testing was conducted. Eight seasonal sites, Locations 1 
through 8 in Figure 1, were selected. Beginning in fall 1985, 
FWD data were collected at approximately 2-month intervals 
for a period of about 3 years . In addition, four sites on the 
Interstate system, Locations A through D in Figure 1, were 
selected for limited testing. 

Site Selection 

Sites were selected to include as many variables as possible. 
The test sites were distributed geographically from north to 
south to cover the limited climatic variability within the state. 
They were located in three geologic regions : Appalachian 
Plateau, piedmont, and coastal plains . To ensure a range in 
pavement structure, sites were selected on the Interstate, pri
mary, and secondary road systems. Pavement structures are 
described in Table 1. 

FWD Testing 

Deflection basins were measured with a Dynatest 8000 FWD 
by the Bureau of Materials and Tests of the Alabama Highway 
Department. Dynamic loads of 9, 12, and 15 kips were ap
plied. Asphalt-aggregate temperature was measured period
ically during FWD testing. All FWD testing was conducted 
in outside lanes . 

At each seasonal site there were 10 test points spaced ap
proximately 200 ft apart. Interstate sites consisted of 2.4- to 
5-mi-long sections with test points spaced at approximately 
400 ft. 

1-8 Seasonal Siles 
A-D lnlersla le Siles 

FIGURE 1 Locations of test sites. 

TABLE 1 PAVEMENT STRUCTURES AT TEST SITES 

Site 

2 

3 

4 

5 

6 

7 

a 

A&B 

c 

0 

Stru::ture 

Seasonal Siies 

5.5" asphalt -aggregate 
1 O" crushed aggregate base 
14" select soil 

4" asphalt -aggregate 
3" sand gravel base 
12" select soil 

9" asphalt -aggregate 
6" soil aggregate base 
12" select soil 

3.5" asphalt -aggregate 
a· granular soil base 
12" select soil 

1 o· asphalt -aggregate 
5" roadmix reef shell base 
12" select soil subbase 
12" improved roadbed 

4.8" asphalt -aggregate 
4" soil aggregate base 
6" soil aggregate subbase 

3.2" asphalt -aggregate 
1 O" soil aggregate base and subbase 
12" improved roadbed 

4.5" asphalt -aggregate 
a· soil aggregate base 

Interstate Siles 

7.6" asphalt -aggregate 
5" soil aggregate (shell) base 
6" select soil subbase 
12" improved roadbed 

9.3" asphalt -aggregate 
5" soil aggregate base 
6" select soil subbase 
12" improved roadbed 

a.a· asphalt -aggregate 
5" soil aggregate base 
12" select soil subbase 
12" improved subgrade 

Model 

t1 . 5.5" 
t2 = 24" 

t1=4" 
t2 = 15" 

t1=4.a· 
t2 = 10" 

t1 . 3.2" 
t2 . 22" 

t1=7.6" 
t2 = 23" 

t1=9.3" 
t2 = 11" 

t1 =a.a· 
t2 = 17" 
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Improved roadbed included in pavement structure where indicated from available as 
constructed information, or where sampling indicated dramalic differences (density 
and/or water content) between top t 2 inches and remainder of subgrade. 

Backcalculation of Moduli 

Moduli were backcalculated with the program ELMOD (2). 
The rigid subgrade boundary option of ELMOD, in which 
the depth to a rigid boundary is computed on the basis of an 
analysis of the outer deflections, was used. 

Typical pavement structures consisted of asphalt-aggregate 
surface, granular base, granular subbase, and, usually, a pro
cessed subgrade layer. Within laye rs there were often addi
tional layers creating a more complex layered system. For 
estimation of moduli from FWD data, such a complex system 
is neither practical (becau e of computation time required) 
nor nee ary (in term of characterization)- · implified modeL 
are normally used, but no generally accepted rec mmenda
tions for the number of layers required to adequately model 
flexible pavements were found in a literature review. In the 
literature three layers were most often used, and four were 
used occasionally. When four were used , the moduli for the 
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third and fourth (subgrade) layers were often quite close. 
Bush and Alexander ( 4) indicate that best results are obtained 
when not more than three layers with unknown moduli are 
used. Husain and George (5) recommend that pavements with 
four or more layers be reduced to three-layer models. 

For this study pavement structures were modeled with three 
layers, not including the rigid boundary placed by the ELMOD 
program. Thicknesses for Layers 1 and 2 are given in Table 
1. 

Asphalt-aggregate layers included several different types of 
asphalt concrete, but some also included tack, flush, or seal 
coats, as well as chip seals. All asphalt-aggregate layers, in
cluding asphalt base course, were combined into Layer 1 of 
the model. 

Base and subbase layers were composed of granular un
bound soil-aggregate materials. They were combined into Layer 
2 of the model. 

Determining where to place the processed subgrade (upper 
portion of subgrade) in the model presents the most problems. 
Select material, with possibly stabilizing additives, is included 
in this layer to improve or modify its properties. The decision 
is whether the processed subgrade should be included in Layer 
2 because it is more like the base-subbase or in Layer 3 be
cause it is more like the subgrade. The location of the pro
cessed subgrade layer was based on in situ density and mois
ture content measurements, which in this study usually resulted 
in inclusion in Layer 2. A sensitivity analysis indicated that 
inclusion of the processed subgrade in Layer 2 or 3 of the 
model had little effect on EI, some effect on E3 , and significant 
effect on E2 • 

Sampling and Laboratory Testing 

Cores of asphalt-aggregate layers and disturbed samples of 
unbound grnnul;ir h;ise-suhh;ise l:iyers <rnd subgrade soils were 
obtained at six of the eight seaso11al silt:s and lhe four Inter
state sites. The asphalt-aggregate cores were sawed along layer 
interfaces, where possible, to produce specimens for indirect 
tension testing. The specimens were tested at 41°F, 77°F, and 
104°F, in accordance with ASTM D4123. A weighted com
posite modulus was computed for the entire asphalt-aggregate 
layer from the moduli of individual layers. 

Specimens (8 x 4 in.) for triaxial testing were recompacted 
from disturbed samples of base-subbase and subgrade soils . 
Specimens were compacted with a kneading compactor in 
accordance with AASHTO T190 to densities and moisture 
contents approximating those measured in situ. The recom
pacted specimens were tested for resilient modulus in ac
cordance with AASHTO T274. 

ANALYSIS OF TEST RESULTS 

Data from the FWD and laboratory testing were analyzed to 
develop procedures for selecting design modulus. The effects 
of temperature and load rate on asphalt-aggregate modulus, 
the effects of seasonal variations on unbound granular base
subbase and subgrade modulus, and the effects of load or 
stress intensity on the modulus of all materials were examined. 
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Asphalt-Aggregate Modulus 

To study the effects of temperature, plots were made of asphalt
aggregate moduli backcalculated from FWD measurements 
versus temperature. Figure 2 shows a plot for Site 1 with data 
for all three FWD load levels. Linear and power curves were 
fitted to the data using least squares criteria. The power curves 
more accurately modeled the variation in asphalt-aggregate 
moduli with temperature and were similar to relationships 
suggested by Lee et al. (3) and Witczak (6). 

The data for all eight seasonal sites were combined and the 
following composite power curve was developed: 

EI = 322,000/T1 59 I (1) 

The composite curve is shown in Figure 3 with curves for the 
individual sites and in Figure 4 with relationships suggested 
by Lee et al. (3) and Witczak (6). 

The wide range of moduli exhibited in Figure 3 reflects the 
wide range of asphalt-aggregate materials encountered. The 
asphalt-aggregate layer at Site 5 is composed of 10 in. of high
quality surface, binder, and base course hot mix, whereas Site 
2 is composed of road mix, seal coats, and lower-quality hot 
mix. Comparison of the composite curve with the curves sug
gested by Lee et al. (3) and Witczak (6) indicates that, on the 
average, the asphalt-aggregate mixtures were less sensitive to 
temperature. At 70°F the composite curve also agrees with 
the curve suggested by Witczak (6). 

To provide a way to adjust asphalt-aggregate modulus back
calculated with FWD data to standard design temperature, 

FIGURE 2 Asphalt-aggregate modulus 
versus temperature, Site 1. 
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FIGURE 3 Composite and individual 
curves for eight seasonal sites. 
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FIGURE 4 Relationships between asphalt
aggregate modulus and temperature. 

the moduli-temperature relationships in Figure 3 were used. 
Moduli were computed using Equation 1 for various temper
atures, and the ratios of those moduli to the moduli at 70°F 
were computed as 

(2) 

These ratios were used to develop the curve shown in Figure 
5. Also shown in Figure 5 are the correction curve provided 
in the 1986 AASHTO Guide and modular ratios for the eight 
individual seasonal sites at 40°F and 100°F. Although there will 
be some inaccuracies for particular sites, the composite cor
rection curve provides criteria for adjusting asphalt-aggregate 
moduli measured at temperatures between 30°F and 120°F to 
70°F design temperature. 

Figure 6 shows the variable influence of FWD load mag
nitude. At Site 1, modulus increased as FWD load increased. 
This trend was also observed at Sites 2, 4, 6, and 7. At Site 
3, FWD load had virtually no effect on asphalt-aggregate 
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FIGURE 5 Asphalt-aggregate 
modulus temperature adjustment 
factor. 
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modulus. This trend was also observed at Sites 5 and 8. The 
reasons for the observed differences in response are not clear 
but are probably due to the stiffness of the asphalt-aggregate 
layers in relation to that of the overall pavement structure. 
As indicated in Figure 3, the asphalt-aggregate moduli at Sites 
3, 5, and 8 are higher (at temperatures below about 80°F) 
than at the other seasonal sites. The asphalt-aggregate layers 
at Sites 3 and 5 are also the thickest. 

The implication is that the overall state of stress induced 
in the asphalt-aggregate layer influences the modulus. How
ever, the nature of the influence is unclear, and laboratory 
testing provided no clarification. Indirect tension testing was 
conducted on samples from six of the eight seasonal sites and 
the four Interstate sites. Three levels of indirect tension stress 
were applied, ranging from 5 to 30 percent of the indirect 
tensile strength at 77°F. Modulus increased for six of the sites 
and decreased for four sites as the stress intensity increased. 
There was no correlation between field and laboratory trends, 
although, as shown in Figure 4, there is good agreement be
tween the composite FWD curve and a similar composite 
curve developed from laboratory data. 

After considering plots similar to Figure 6 for all sites and 
the laboratory data, it was concluded that the stress (load) 
sensitivity would not be sufficient to alter the relationship 
between the average moduli at the various sites, as shown in 
Figure 3. However, load level apparently influences estimated 
asphalt concrete modulus and , therefore, justifies testing at 
multiple levels and using average values. Selection of loads for 
testing should be based on the anticipated operation of critical 
vehicles (trucks). A 9-kip FWD load may be representative 
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of standard 18-kip axle loads, but larger loads should be con
sidered to account for heavier trucks. For low-volume roads, 
FWD loads smaller than 9 kips might also be considered. 

A correction for differences in the rate of loading was nec
essary to compare laboratory moduli with FWD moduli. The 
FWD rate of loading is faster than the laboratory rate and, 
therefore, FWD moduli will be inherently larger than labo
ratory moduli. The following adjustment factor suggested by 
Lee et al. (3) was used: 

R = 0.791 + 0.008l3T (3) 

where R is the rati of FWD modulu to laboraLory
determined resilient modulus and Ti. the temperature (0 

). 

FWD and .labo ratory moduli at 77° , the midrange temp r
ature for laboratory testing , are , how11 in Table 2. A indi
cated by the means and standard deviations of the unadjusted 
and adjusted modular ratios, the adjustment for load rate 
improves the mean ratio from 1.36 to 0.96 and the standard 
deviation from 0.63 to 0.44. 

Unbound Granular Base-Subbase Modulus 

Figure 7 is a typical plot showing seasonal variations in base
subbase modulus. Average monthly temperature and rainfall, 
as percentages of maximum average monthly temperature and 
rainfall, are also shown. The correlation between base-
ubbase modulu and temperature and rainfall hown in Fig

ur 7 wa generally observed at all ·ites. Heavy rainfall pro
vides a source of water and low temperature prevent rapid 
evaporation , which results in low values in winter and spring 
and bigh value in summer and fall. 
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FIGURE 7 Typical variation in base moduli with 
temperature and rainfall. 

To develop factors for adjusting base-subbase modulus for 
seasonal variations , average monthly moduli values and their 
ratios to the maximum monthly values were computed. Plots 
of these ratios , as shown in Figure Sa, were made for each 
site. Two groups (winter/spring and summer/fall) were ap
parent from the plots . The beginning and ending month for 
both groups varied from site to ite, but an analysis of average 
ratios indicated that the most con istent were January t June 
and July to December. Yearly average ratios and average 
ra tios by group are given in Table 3. 

Ratios of minimum to maximum modulus (Emin/Emax) are 
another indicator of seasonal variability. They are shown in 
Table 3 and range from 0.58 to 0.85. These ratios and the 
average monthly to maximum moduli ratios do not indicate 
dramatic seasonal variations. 

TABLE 2 COMPARISON OF LABORATORY AND FWD MODULI FOR 
ASPHALT-AGGREGATE AT 77°F 

Sile FWD Moduli,E Unadjusted Laboratory Moduli, Unadjusted Adjusted 
(ksi) Laboratory Moduli MR, Adjusted for EIMR1 EIMR2 

MR (ksi) Load Duration 

(ksi) 

380 397 563 0.96 0.67 

3 500 329 466 1.52 1.07 

5 470 336 476 1.40 0.99 

6 190 181 256 1.05 0.74 

7 440 162 230 2.72 1.91 

8 490 319 452 1.54 1.08 

A 530 257 364 2.06 1.46 

B 600 481 682 1.25 0.88 

c 160 321 455 0.50 0.35 

D 230 380 538 0.61 0.43 

1 EIMR Mean = 1.36 
Std Deviation = 0.63 

2EfMR Mean = 0.96 
Std Deviation = 0.44 
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FIGURE 8 Typical variations in base and 
subgrade modulus. 

The analysis of yearly modulus variability indicated that 
characterization with average values would be adequate for 
design and suggested a simple procedure for converting mod
uli backcalculated from particular FWD measurements to av
erage values. The average of the modular ratios in Table 3 
was 0.82 for January to December, 0.78 for January to June, 
and 0.86 for July to December. Correction factors were ob
tained by dividing the yearly average ratio by the average 
ratio for each group. To convert to average conditions, moduli 
backcalculated from FWD measurements made during Jan
uary through June should be multiplied by 0.82/0.78 = 1.05, 
and those backcalculated from measurements made during 
July through December should be multiplied by 0.82/0.86 = 
0.95. 

Figures 9a, 9b, and 9c show the effects of FWD load on 
base-sub base modulus for Sites 5, 4, and 1, respectively. Load 
magnitude had essentially no effect for Sites 5 and 6 (see 
Figure 9a). Moduli increased with increasing load for Sites 3, 
4, and 7 (see Figure 9b). Differences between 9- and 15-kip 
loads were 2 to 3 ksi (less than 10 percent) for Sites 4 and 7. 
Differences were 8 to 12 ksi (10 to 15 percent) for Site 3. 
Moduli decreased with increasing load for Sites 1, 2, and 8 
(see Figure 9c). The effect of load magnitude was somewhat 
erratic for Site 1, and the differences between 9- and 15-kip 
loads were 4 to 8 ksi (about 10 percent). The differences were 
more uniform, only 2 to 4 ksi (less than 10 percent), for Sites 
2 and 8. 

As shown in Figure 9, load effects are smaller than seasonal 
effects and are not a major consideration. However, as with 
asphalt-aggregate, the variation that may occur at individual 
sites justifies testing at representative multiple FWD load 
levels and averaging the results. 

To compare laboratory and FWD moduli, the effects of the 
state of stress must be considered. Using material coefficients 
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(k 1 and k2 ) in Table 4 and first stress invariant at midlayer 
for a 15-kip FWD load, base course laboratory moduli were 
calculated with the familiar equation 

(4) 

where 8 is the first stress invariant, 0'1 + 2u3 for triaxial test. 
Moduli calculated with Equation 4 are compared with av

erage FWD moduli in Table 5. The modular ratios in the last 
column of Table 5 range from 0.80 to 8.57 and indicate good 
to poor correlation between FWD and laboratory moduli. The 
mean value of the ratios is 3.03, which indicates that FWD 
moduli are consistently higher than laboratory moduli. The 
standard deviation is 1.99, which indicates considerable vari
ability. 

There are several possible causes of the poor correlation 
between FWD and laboratory moduli. Laboratory moduli 
were measured on specimens recompacted to densities and 
moisture contents as close as possible to those measured in 
the field. Field sampling operations, which involved wet saw
ing through asphalt-aggregate layers, may have increased water 
contents above actual in situ values. Disturbance during sam
pling surely destroyed any cementation or thixotropic strength
ening that may have existed. Removal of 0. 75-in. particles for 
4-in. diameter laboratory specimen preparation would also 
have caused decreased moduli. 

Finally, the characterization of the state of stress in the 
unbound granular base-subbase layers may not have been 
adequate. The first stress invariant (8) was calculated at mid
layer directly beneath the center of the FWD load with an 
elastic layered model (ELSYMS5). It did not include the in
fluence of overburden confinement or, probably more im
portant, the influence of horizontal residual confining stresses 
developed during compaction and traffic application. The use 
of this single value for computing modulus from laboratory 
equations may not have been adequate and probably con
tributed to the poor correlations. This explanation is more 
appealing when values of material coefficients (k 1 and k 2) are 
compared with typical values recommended in the 1986 
AASHTO Guide. The typical range for k1 is 4 to 6 ksi and 
for k2 is 0.5 to 0.7 for damp base course. The mean value for 
k 1 is 6.1 ksi (standard deviation = 3.3) and for k2 is 0.43 
(standard deviation = 0.14) for the data in Table 4. The mean 
values are on the high end of the typical range for k 1 and are 
low for k2 • The typical range for k2 is 4 to 6 ksi and for k2 is 
0.4 to 0.6 for damp subbase course. The mean value for k 1 is 
8.3 ksi (standard deviation = 3.1) and for k2 is 0.38 (standard 
deviation = 0.18) for the data in Table 4. Again the mean 
values are higher than the typical range for k1 and on the low 
end for k2 • However, natural soil aggregate type materials 
widely used in Alabama tend to have high cohesion (indicating 
high k 1) and low friction (indicating low k2). 

A second comparison strengthens the contention that the 
poor correlation between FWD and laboratory moduli is the 
result of the representation of the state of stress with a single 
value (8). Values of k 1 and k2 and their relationship are 
compared with results reported by Rada and Witczak (7) in 
Figure 10. Rada and Witczak's results were for 271 granular 
materials and compare reasonably well with the 18 materials 
tested in this study. 



TABLE 3 BASE-SUBBASE DATA FROM SEASONAL SITES 

Materiel Classlllcatlon AllQ.~ 

Stte Unttied AASHTO DeSCliptoo Avg. E J-D J-J J-D Erm'Errax 

GN A-1-a 10" Crushed Agg 58ksi 0.93 0.90 0.96 0.85 
Base(w=3%) 

SP-SC A-2-6 14" Select Soil 
(W=22%) 

2 3" Sand Gravel 20 ksi 0.82 0.79 0.85 0.68 
Base 

SW-SM A-1-b 12" Select Soil 
(w:21%) 

3 SP A-1-b 6" Soil Aggregate BO ksi 0.76 0.77 0.76 0.70 
Base (w=9%) 

4 B" Granular Soil 27 ksi 0.82 0.76 0.87 0.67 
Base 

5 SP A-3 5" Sandy Shell 34 ksi 0.74 0.72 0.76 0.63 
Base (w=7%) 

SP A-3 12" Select Soil 
(Sand Clay) Sub-
base (w = 11%) 

6 SP A-1-a 4" Sandy Gravel 31 ksi 0.87 0.83 0.92 0.80 
Base(w=6%) 

SP A-1-b 6" Clayey Sand 
Subbase (w = 8%) 

7 GP A-1-a 4" Soil Aggregate 32 ksi 0.86 0.81 0.90 0.73 
Base (w=3%) 

SP A-1-b 6" Soil Aggregate 
Subbase (w = 4%) 

8 SP-SC A-2-4 B" Soil Aggregate 60 ksi 0.77 0.65 0.90 0.58 
Base (w = 11%) 

1. Moisture contents as sampled. 
2. Average modulus and modular ratio for 3 year period. Ten (10) locations, spaced at approximately 

200', tested at approximately 2 month intervals. 
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TABLE 4 MATERIAL COEFFICIENTS (k, AND ki) FOR 
UNBOUND GRANULAR BASE-SUBBASE FROM TRIAXIAL 
TESTING 

Site Layer 

Base 
Sub base 

3 Base 

5 Base 
Subbase 

6 Base 
Subbase 

7 Base 
Sub base 

8 Base 

A Base 
Subbase 

B Base 
Subbase 

c Base 
Subbase 

D Base 
Subbase 

Base: Average k1 = 6.1 ksi, Average k2 = 0.43 

Subbase: Average k1 = 8.3 ksi, Average k2 = 0.36 

kl 

11.9 
11.6 

3.0 

2.1 
5.7 

6.7 
4.5 

5.6 
4.1 

1.0 

10.2 
9.3 

6.4 
3.7 

6.1 
25.5 

6.0 
2.3 

Omitting Stte C Average k1 = 5.9 ksi, Average k2 = 0.42 

Subgrade Modulus 

k2 

0.21 
0.14 

0.56 

0.71 
0.27 

0.29 
0.46 

0.37 
0.62 

0.57 

0.39 
0.27 

0.47 
0.55 

0.37 
0.12 

0.33 
0.64 

Plots similar to Figure 7 were made for subgrade modulus. 
The same trends were exhibited-low modulus in winter and 
spring, when rainfall is high and temperature low, and high 
modulus in summer and fall, when rainfall is low and tem
perature high. Plots of modular ratios (Figure 8b) were made 
for each site. The plots indicated that consistent groupings 
were January to June and July to December. Yearly average 
ratios and average ratios by group are given in Table 6. 

Ratios of minimum to maximum (Emin/Emax) are also shown 
in Table 6. They range from 0.70 to 0.84. The ratios do not 
indicate dramatic seasonal moduli variations. 

The analysis indicated that characterization with average 
values would be adequate for design. Moduli measured during 
January through June were to be multiplied by a correction 
factor of 1.06, and those measured during July through De
cember were to be multiplied by 0.96. 

An example will demonstrate that yearly average subgrade 
modulus is close to effective roadbed soil resilient modulus 
computed with the procedure recommended in the 1986 
AASHTO Guide. The calculations are summarized in Table 
7 for Site 8, which had the smallest Emin/Emax ratio. The av
erage subgrade modulus is 17.9 ksi. The relative damage fac
tors shown in Table 7 were computed using methods outlined 
in the 1986 AASHTO Guide. Using the average relative dam
age factor of 0.018, an effective roadbed soil resilient modulus 
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TABLE 5 COMPARISON OF FWD AND LABORATORY 
MODULUS FOR UNBOUND GRANULAR BASE-SUBBASE 

Stte Layer FWD ModJus, E Lab. ModJus, MR EIMR 

(ksi) (ksi) 

Base 58 24 2.42 
Subbase 56 18 3 22 
Subgrade 27 16 1.66 

3 Base 80 15 5.33 
Subgrade 19 12 1.56 

5 Base 34 10 3.40 
Subbase 34 10 3.40 
Subgrade 13 10 1.30 

6 Base 31 16 1.72 
Subbase 31 22 1.41 
Subgrade 9 6 1.50 

7 Base 32 22 1.45 
Subbase 32 40 0.80 
Subgrade 15 11 1.36 

6 Base 60 7 6.57 
Subgrade 16 7 2.57 

A Base 25 29 0.86 
Subbase 25 19 1.32 
Subgrade 10 16 0.62 

B Base 45 17 2.65 
Subbase 45 12 3.75 
Subgrade 18 10 1.80 

c Base 50 17 2.94 
Subbase 50 34 1.47 
Subgrade 15 13 1.15 

D Base 45 15 3.00 
Subbase 45 7 6.43 
Subgrade 15 21 0.71 
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TABLE 6 SUBGRADE DATA FROM SEASONAL SITES 

Material Classlflca!lon Avg. E/Ermx 

S~e Unffied AA SH TO Description Avg.E J-D J-J J-D ErfTI'Ermx 

SC A-2-6 Brown Silty Clay 27 ksi 0:92 0.87 0.96 0.80 
(w=20%) 

2 SC A-2-6 Reddish Black 7.5 ksi 0.84 0.80 0.87 0.72 
Clay (w = 22-25%) 

3 SP A-2-6 Clayey Sand 19 ksi 0.87 0.84 0.90 0.78 
(W=5%) 

4 Red Sandy Clay 9.5 ksi 0.91 0.86 0.96 0.84 

5 SP-SM A-3 Red Clayey 13 ksi 0.85 0.83 0.86 0.72 
Sand (w = 13%) 

6 SP A-3 Tan Sandy Clay 9 ksi 0.92 0.87 0.96 0.82 
(W= 15%) 

7 SP A-3 Red Sandy Clay 15 ksi 0.88 0.83 0.93 0.73 
(w=9%) 

8 SW-SM A-1-b Red Sandy Clay 18 ksi 0.84 0.74 0.95 0.70 
(W=14%) 

1. Moisture contents as sampled. 
2. Average modulus and modular ratio for 3 year period. Ten (10) locations, spaced at approximately 

200', tested at approximately 2 month intervals. 

TABLE 7 EXAMPLE CALCULATION OF EFFECTIVE 
ROADBED SOIL RESILIENT MODULUS 

Relative 
Average Damage 

Month Modulus, ksi Factor (uf) 

J 17.4 0.017 
F 16.6 0.020 
M 15.1 0.024 
A 14.7 0.027 
M 15.0 0.024 
J 15.3 0.023 
J 17.8 0.016 
A 21.1 0.012 
s 20.1 0.012 
0 20.5 0.012 
N 19.9 0.012 
D 20.9 0.012 

Average 17.9 0.018 

of 17 .3 ksi is computed, which is only 3 .5 percent smaller than 
the average subgrade modulus. 

Figure 11 shows three effects of FWD load magnitude on 
subgrade modulus. For Sites 1 and 5, FWD load had essen
tially no effect on moduli (Figure lla). For Sites 3, 4, and 7, 
moduli increased with load (Figure llb). Moduli differences 
between loads of 9 and 15 kips ranged from 1 to 2 ksi for 
Sites 4 and 7 to 2 to 4 ksi for Site 3. These represent differences 
of 10 to 20 percent. For Sites 2, 6, and 8, moduli decreased 
with load (Figure llc). Moduli differences ranged from 0 to 
1 ksi for Sites 2 and 6 to 2 to 3 ksi for Site 8. Again, these 
represent differences of 10 to 20 percent. 

As with base-subbase modulus, load magnitude does not 
appear to be an important consideration for subgrade mod-

ulus. H~wever, the percentage differences that occur over a 
load range of 9 to 15 kips justify testing at representative 
multiple loads and using average values. For the subgrade, 
simulation of heavier vehicles with loads that may be applied 
over a large area is critical. Large FWD loads may be required 
to obtain similar stresses in the subgrade. 

To compare laboratory and FWD moduli, the effects of the 
state of stress (confinement of triaxial specimens) must be 
considered. The first stress invariant (8) and the dcviator 
stress (crd) were calculated at the top of the subgrade beneath 
the center of a 15-kip FWD load. These parameters were used 
in either Equation 4 or the equation below, as appropriate, 
to compute subgrade modulus. 

(5) 

The moduli thus computed, as well as modular ratios, are 
given in Table 5. Modular ratios ranged from 0.62 to 2.57 
with a mean value of 1.42 and a standard deviation of 0.53. 
FWD moduli were consistently higher than laboratory mod
uli, although much less than base-subbase. As with unbound 
granular base-subbase, disturbance of cementation bonds or 
thixotropic strengthening may have been a cause of the ob
served differences. However, the use of one parameter at a 
single location in the subgrade to represent the state of stress 
probably contributes more to the observed differences. 

CONCLUSIONS 

Reasonable estimates of pavement material and subgrade soil 
moduli may be backcalculated by using pavement surface de
flection basins obtained with an FWD. Deflection basins should 
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FIGURE 11 Effects of FWD load level on subgrade modulus. 

be measured at multiple loads representative of anticipated 
truck traffic. The average temperature at middepth of asphalt
aggregate urface layer should be obtained during FWD test
ing. A li mited number f mall test pit should be excavated 
to determine layer thicknesses as well as moisture contelll and 
density data for modeling base and subgrade layers . 

A three-layer pavement structure model was relatively sim
ple, efficient, and provided reasonable moduli estimates. Base, 
subbase, and, where density and moisture content measure
ments indicate they are applicable, improved roadbed layers 
should be included in Layer 2. Subgrade and , where density 
and moisture content measurements indicate they are appli
cable, improved roadbed layers should be included in Layer 
3. A stiff boundary layer should be used to limit subgrade 
depth. 

To adjust the asphalt-aggregate modulus backcalculated from 
FWD data to a standard design temperature , a modified ver
sion of a curve recommended in the 1986 AASHTO Guide 
was developed. Load rate should also be considered in se
lecting asphalt-aggregate design modulus . Seasonal variations 
have only a limited influence on base-subbase and subgrade 
moduli . A simplified procedure was developed to convert 
values backcalculated from FWD measurements to average 
conditions . 

Laboratory moduli for asphalt-aggregate measured with in
direct tension tests (ASTM D4123) compared well with FWD 
moduli. As expected, characterization of unbound granular 
base-subbase was most difficult, and FWD and laboratory 
values correlated poorly. In general, fair agreement was dem
onstrated between FWD and laboratory (AASHTO T274) 
moduli of subgrade soils . 

ACKNOWLEDGMENTS 

This research was sponsored and supported by the Alabama 
Highway Department through the Highway Research Center 

of Auburn University . FWD measurements and test pits for 
material sampling were provided by the Alabama Highway 
Department. The author is grateful for the sponsorship, assis
tance, and cooperation of the Alabama Highway Department. 

REFERENCES 

1. AASHTO Guide for Design of Pavement Structures. AASHTO , 
Washi ngton, D .C., 1986. 

2. P . U ll idtz and R. N . Stubstad. Analytical-Empirical Pavement 
Evaluation Using the Falling Weight Deflectometc r. In Trans
portmion Research Record 1022, TRB, National Rescnrch Council, 
Washington, D.C., 1985 , pp. 6- 44. 

3. . W. Lee , J . P. Ma honey, and N. C. Jackson. Verification of 
.Backealeulatio n o[ Pavement Moc!Ltli. In Tl'(lm'f)Or/ation Research 
Record 1196, TRB , National Research Council , Washington, D.C., 
1988, pp . 85-95. 

4. A. J. Bush III and D . R. Alexander. Pavement Evaluation Using 
Deflection Basin Measurements and Layered Theory. In Trans
portation Research Record 1022, TRB, National Research Council, 
Wa hington , D . . , L985, pp . 16-29. 

5. S. Husain and K. P. George. In ilU Pavement .Moduli from Dy
nanect Deflection. In Tra11spom11io11 Resefll ·c/i Record 1043, T RB . 
National Research ouncil , Washin~t n, D . ., 19 5 , pp. 102-
112. 

6. M. W. Witczak. Design o f Full Depth Air Field PavcmenlS. Proc., 
3rd ln1ernational Conference on the Struclural Design of A ·11halt 
Pavements, 1972. 

7. G . Rada and M. W . Witczak. Comprehensive Evaluation of Lab
oratory Resilient Moduli Re ults for Granular Material. In Trans
portation Research Record 810, TRB, National Research Council, 
Washington, D .C., 1981 , pp. 23-33. 

The co11re111s of 1f1i paper reflt:t;t 1/ie views of the awhor, 111'10 i 
re p o11sible for Ille facts and daw presenred. T/1 e cu11te/lfs 1fo no1 11ec
es arily reflect the officiaf i•iews or policies of 1/w Alabama lligl11v11.1• 
Department or Au/mm Un iver ·f1y, 11or does 111tmtion { trade 11a111e~ 
of co111111ercial products con tinue an c11dorse1111!llt or recomme111/c11io11 
for use by the Wte of Al11bnm11 or A 11b11m University. Thi p11perdoe 
not consticwe a s1n11d11rd, pedficmio11, or regulation. 



52 TRANSPORTATION RESEA R CH RECORD 1293 

Full-Scale Accelerated Pavement Testing 
for the Texas State Department of 
Highways and Public Transportation 

FREDERICK HuGo, B. FRANK McCULLOUGH, AND BARRY VAN DER WALT 

In 1988 the Texas Staie Department of Hi hway and Public 
Transportation initiated a study to develop a tra tegy 10 acquire 
a mobile accelerated pavement te ting devic . Many methods 
w re eva luated, and the mobi le load si mulator (MLS) wa e
lected for future applic:.i ti n on pavements in Texa . The ML , 
for which a provi ional patent exists, incorporates a method f 
accelerated load application different fr m existing mobile ac
celerated pavement te. ters . A higher degree of traffic simulation 
nnd much higher production rate. are attainable with the pro
po ed MLS. The role of accelen11ed pavem nt 1esti 11g in Texa 
and the degree of T al traffic simulati n of the prop i ·ed ML 
ar evaluated. Am th dology (o. including envi ronmental effects 
in a celerated pavement testfog is presented. 

Complexities in pavement engineering have led authorities to 
conclude that accelerated pavement testing devices should be 
used in pavement engineering. Provision for accelerated test
ing is made in one form or another all over the world, from 
plate-loading devices to full-scale test tracks . This new com
mitment is easily understood when the investment in pave
ment structures and the need for testing them in a cost
effective way are considered. 

In 1988 the Texas State Department of Highways and Public 
Transportation (SDHPT) initiated a study at the Center for 
Transportation Resean.:h al The University of Texas at Austin 
to explore the feasibility of accelerated testing in the state. 
A steering committee was convened, and guidelines for the 
requirements of the proposed systems were established . The 
purpose of the study was to formulate a ·1ratcgy for acquiring, 
operating, and mauaging a mobile accelerated pavement te l

ing machine that satisfies the needs of the SDHPT. Attention 
was given to the role of accelerated pavement testing in pave
ment engineering, meth d of accelerated 'pave111en1 te ting, 
data acquisition and handling. a ncf the projected 1 erational 
impact. Recommendati ns rega rding the scheduling fa plan 
for accelerated pavement testing were made on th ba i of 
information from the investigation. The ability of presently 
used simulators to satisfy the requirements of the SDHPT was 
considered. The feasibility of developing an innovative ac
celerated pavement testing machine was explored, and the 
proposed design of this machine was evaluated. The machine , 
called the mobil.e load simulator (MLS), for which a provi-
ional patent exists, is expected to improve on existing ma

chines. 

Center for Transportation Research, The University of Texas at Aus
tin , Austin, Tex. 78705. 

PAVEMENT TESTING 

Use of so-called mechanistic design procedures provides en
gineers with a well-established method for effective pavement 
design. In these mechanistic-empirical methods, theoretical 
models are used to analyze stress, strain, and deformation 
(response or behavior) for given loadings in a pavement struc
ture, whereas the development of roughness, rutting, and 
cracking (performance) are empirically related, or calibrated, 
to the response. Pavement behavior is modeled through trans
form functions as a multilayered elastic or viscoelastic struc
ture. The models are subject to uncertainty stemming from 
inexact descriptions of input such as traffic, environment 
subgrade properties, and material characteristics. Research
ers recognize that pavement performance prediction will also 
be influenced by factors that are not included in the models 
or that are not accurately modeled by mechanistic methods; 
thus the necessity of calibration through so-called shift factors. 

Many test methods are used for the calibration of models, 
and there is a wide range in the reliability and the costs of 
these methods. Depending on the availability of funding, en
gineering parameter can be estimated, or more appropriate 
results can be obtained by testing batches of individual ma
terial samples. The total pavement structure can also be tested 
by using one of the available methods . From these results, 
the pavement can be mathematically evaluated by simulation. 
The available methods, which are essentially the decision tools 
of the engineer, are 

• Computer simulation , 
• Direct sampling methods and laboratory testing, 
• Nondestructive evaluation or field testing, 
•Test roads, 
• Accelerated pavement testing, and 
• Condition monitoring of in-service pavements. 

Engineering judgment is vital in using the availahle decision 
tools . 

TEST FACTORS PROVIDING THE BUILDING 
BLOCKS OF PAVEMENT ENGINEERING 

Many factors affect the behavior of pavement structures under 
load and environmental conditions. Figure 1 gives the most 
important. Most problems experienced in pavement engi-
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MAT & CONST FACTORS PAVEMENT MANAGEMENT AND 

1 )Material Layer System PERFORMANCE 

2)Micro Material Structure 1 )Maintenance Strategies 
3)Material Anisotropy 2)Rehabilitalion Strategies 
4)Subgrade Compaction 3)Load transfer in joints 
S)Subgrade Stiffness 4)Percent Steel 
6)Subgrade Plastic Behavior S)Stripping of Asphalt 
?)Friction Between Layers 6)Rutting 
8)Application of Rejuvenators ?)Skid Resistance 
9)New Materials/Mixtures 8)Wear of Aggregate 
1 O)D-Cracking 9)Steel Concrete Bond 
11 )Construction Variation 1 O)Concrete Joint Behavior 
12)Flexible bases l l)Fatlgua cracking 
13)lime treated bases 12)Structural condition of Pavement 
14)Cement treated bases 13)Surface condition of Pavement 
1 S)Recycled Asphalt 14)Residual life 

STRUCTURAL FACTORS 
1 S)Delamination 
16)Pavement performance (PSI) 

1 )Structural Systems 
2)Voids Beneath Concrete LOAD FACTORS 

3)Etfect of Shoulders 1) Vehicle Speed 
4)Balanced structural composition 2) Dynamic Wheel Loads 

ENVIRONMENTAL FACTORS 
3)Multi-Axle Loads 
4)Actual Traffic loads 

1 )Sur1icial waler (artilicial) 6)Selected Traffic Loads 
2)Sub surface water ?)Selected Tire Type 
3)Artificial Environment B)Selected Tire Pressure 

and Acceleraled Load 9)Laleral Wheel Distribution 
4) Wind l O)Axla Equlvalancy 
S)Temperature 11 )Suspension Type 
6)Humidity 12)0verloads 

PERIPHERAL PAVEMENT ENG 

1 )Traffic monitoring Devices 3)Effects of Gradients 
2)Durability ol Road Markings 4)1ire types 

FIGURE 1 Testing factors forming the basis of engineering 
knowledge. 

neering today are related to these factors . Any pavement test 
method should be evaluated on its ability to account for these 
factors in a cost-effective yet reliable way . Although they are 
well known in 1990, their extent has only gradually become 
known during the past 60 years . Initi ally, most of the problems 
were solved by three basic tools-engineering judgment, field 
trials and observations , and limited laboratory experimenta
tion using material classification. Essentially, the physical 
characteristics of the materials were used to compare mate
rials. In this way successful field experiences were related to 
new applications . 

The road tests introduced the concept of accelerated testing 
to pavement engineer . Acee! ra ted pave ment testing, in which 
the rest periods of the pavement are reduced or overloads 
are used , or both, exists in many forms . The AASHO Road 
Test is an example of accelerated pavement testing using real 
traffic. The construction of test roads for accelerated testing 
was soon found to be prohibitively costly. Furthermore, the 
results obtained were limited in geographical application and 
extrapo lation. How ver, pavement engineers accepted ac
celerated pavement l'esting as a way to establish results of 
pavement performance quickly and reliably. By the e<irly 1970s , 
developmems in he<tvy machinery ma nufacturing led to mo
bile accelerated test machines that use simulated traffic load
ing such as the heavy vehicle ·imulator (HVS) in South Africa 
and , later, the accelerated 1 ading facility (ALF) in Austra lia. 
Further details are discussed later. 

Several agencies use observation of in-service pavement 
behavior to gain knowledge of traffic and environmental in-
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fluences. In the mid-1980s a combined data base for the United 
States was established through long-term pavement perfor
mance studies as part of the Strategic Highway Research Pro
gram . Observation f in-service pavement behavior i gen
erally con. id red to be the ullimat evalua tion method , in 
which the real loadi ng co ndit ion (traffic and e nviro nment) of 
the pavement is evaluated in real time. 

SELECTION OF PAVEMENT ENGINEERING 
DECISION TOOLS 

Decision tools available to engineers are shown subjectively 
in Figure 2 relative to cost and associated knowledge. The 
range and types of decision tools selected to give an agency 
the knowledge to design . construct, and manage highway · 
depend largely on the agency's ability to finance a particular 
combination of tools. In Figure 2b the rectangle defined by 
the affordable cutoff line and the horizontal line linking it to 
the vertical axis from the turn line defines the extent of usage 
of the respective roots. (See the area mapped rel a ti ve to the 
total for each method.) The horizontal line de fine · the achiev
able knowledge. For optimal results, a range of tools should 
be selected encompassing all those to the left of the affordable 
cutoff line . 

The shape of the turn line in Figure 2b (shown as straight) 
depe nds on fa ctor . uch a labor costs and technological de
ve lopment , which va ry from agency to agency. The . hap f 
the turn line in Figure 2b determi nes the po irion o f th · 
s-curve band in Figure 2a. The s-curve is obtained from a 
summation of the enclosed test method areas in Figure 2b. 
The band represents a range of knowledge that stems from a 
high or low uti liza tion of the te t meth ds. 

Engineering judgment form. an importan t part of any se
lection a nd is upplemcnted by the othe r me thods to various 
degrees. Some agencies re ly solely on this knO\ I dge to pro
vide a pavement infrastructure . This is often ad quate and 
may be the only method an agency can afford . To increase 
the dependability of a pavement system, however, more re
liable and expensive methods must be used to predict the 
likelihood of distress occurrences. 

After the selection of distress criteria for pavements in a 
pecific area , a plan must be develop d and equipment a -

qu ired to obtain rh e inpul information, such as moduli , tha1 
rela te the distre ·s crite ri a to pavement pe rfo rma nce. r-igurc 
2 indicates that computer simulation is an inexpensive eval
uation method ; however , obtaining accurate input through 
testing and then deriving or improving the models for greater 
re liability arc re la tively expe nsive. 

Laboratory testing cove r. a. wide range o f cost. wi th a rel
a tively small increa e in reliable kn wledgc. T he . o-called 
one-way te ting method is usuall us d in which all variables 
exccpr the o ne to b ' evalunte I are kept c<> nstant. An example 
is stabilo meter testing f asphalt co ncrete mixture , in which 
on ly the a phalt content is va ried . Field testing can ra nge fro m 
imple penetralio n tests to obtaining ·ample for testing in 

the conve ntional manner in a lab rato.ry. It auempts to eval
uate changes in the pertinent properties due to environmental 
and traffic influences a n<.! includes in situ destructive and non
destructive testing and evaluation . It may also include short
term evaluation of behavior, such as early-age cracking of 
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portland cement concrete pavements and static load deflec
tion measurements. The objective is to evaluate more of the 
system so that the effective parameters can be used in the 
analysis of pavement behavior. Accelerated pavement testing 
i used in many forms to provide the informati n t devel p 
and evaluate di !res · criteria. It has increased in popularity 
in the la ·t 2() years becau · of Lhe high attainable bencfit-to
cost ratios [examples of 10 to 1 hflve he n reported (J)l and 
its ability to test pavement responses that cannot be le t d in 
other ways. 

The cost of testing a section of pavement with an MLS is 
estimated to vary between $100,000 and $120,000 for 15,000,000 
ESALs. This compares favorably with the present value of 
cost per test section of the AASHO Road Test as shown in 
the following table. The main difference is that the latter had 
a limited number of load applications and was limited to one 
geographic location. 

Cost Component 

Number of load applications 
Duration 
Number of test sections 
Lengths of test sections 
Total cost of test (1962) 
Present value of cost ( 4%) 
Present value of cost/test section 

Value 

1,114,000 
2 years 
836 
160-260 ft 
$27' 114 ,220 
$81,307,501 
$97,257 

An FHWA-spon ored pavement testing conference (2) 
concluded that a national pavement testing program was needed 
together with a rehabilitation program . Simultaneously, a long
term nmionwid in- ervic pavement monitoring sy tern using 
both existi ng nnd new pavement with untraffi keel loops needed 
to be introduced. ccelerated pavement re. ting using vehicle 

·imulators and lab ratory testing w re n idered necessary 
to provide fa t an. wcr that could be calibrated again ·t long
term performance of pavement. . It was evident that none of 
the methods shown in Figure 2 offered a complete solution 
and that all the methods had to supplement each other. 

ACCELERATED PAVEMENT 
TESTING FACILITIES 

The testing facilities evaluated by SDHPT were those devel-
ped ~ r studyin problems a ciated with pavement design 

(i.e. tho e faciJitie having wheel loads in the typical range 
of trucks and opera ting on complete pavement structures). 
Subgrade could be either natural or imported. Lighter wheel 
load facilitie , intended for scudying the behavior of single 
layer , were not included . 

Test facilities were divided into four categories according 
to their de ·ign and method of 10·1d acceleration: full-scale test 
track (AASHO Road Te L etc.), circular testing devices, 
linear testing device. (fixed location) and linear re ting de
vices mobile). O nly the line<lr le Ling d vice with mobile 
features will be discussed . 

Apart from the proposed MLS, which is in the devel pment 
phase only two types of linear, mobile machines have been 
built to apply accelerated wheel loads to pavement sections 
at any location. (The Corps of Engineers has built and used 
mobile testing machines at its test site in Vicksburg, Missis-
ippi but they have not been deployed.) One of the two is 

the HVS, developed at the end of the 1960s in South Africa. 
Three improved HVSs are still operational. The other ma-
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chine is the ALF, in use in Australia since 1984 and opera
tional in the United States since October 1986. 

The HVS has the dimensions of an oversized heavy vehicle. 
It can be pulled over long d i. tance like a trailer by hooking 
the goo e neck LO a three-axle truck tractor and tran porting 
it on two axle with 12 wheels total. Sceerab.le wheel and a 
drive train allow movement of the machine over short dis
tances without a tractor. The test wheel applies bi- or uni
directional loading over a length of 32.8 ft. Successive passes 
are distributed over a track width of up to S ft at a top speed 
of 9 mph. Although the wheel is no rmally variable up to 22.5 
kips , loadings of 45 kip have bee n achi ved for the te ting 
of airport pavements. T he working, feature , and applications 
of the HVS are described elsewhere (1,3). 

The ALF is owned by the Australian Road Research Board 
and has been operational since February 1984. FHW A inter
est in the machine stemmed from the March 1984 Interna
tional Pavement Conference in McLean, Virginia (2). In mid-
1984 the plans and aut hority to build the U.S. A F were 
acquired and the machine wa · deli vered in August 19 6. The 
ALF is patented in 20 coun tri . Using dual truck tires with 
loads ranging from 9,000 to 22,500 lb the ALF applies ac
cele rated loading t the pavement at a ra te of 9,200 appli
cations per day at 12 mph on a test section 33 ft long. The 
load is carried with the load wheel. The use of gra ity in the 
tart-up procedure and allowing gravity to provide the accel

eration and deceleration of the load are energy efficient. Elec
tric motors are used for replacing energy lost because of fric
tion. Lateral load distribution is provided, with various loading 
patterns to select from. The manufacture of the U.S. ALF is 
do umented in a 1987 FHWA repor t (4). 

The MLS, the prototype of which is to be developed over 
2 years starting in September 1990, is a new type of vehicle 
simulator based on a concept for improving the rate of real 
load application. The concept was evaluated through the con-
tructi Jl of a l -in-10 scale working model hown in Figure 3. 

The model version was constructed to serve as a basis for the 
design and construction of the full-scale prototype and will 
also be used in the establishment of a modeled pavement 
testing program for DHPT. A comparison f the features 
and performance of the three ystem is given in Table I and 
th differ nee in the m thod of load application are shown 
in F igme 4. Because the ML method of load applicatio n can 
inc rporate fo ur, ix, or eight unde rcarriage of trucks. a 
mixture of toad magnitudes is easily incorporated by varying 
the spring stiffnesses or types of suspensions. 

FIGURE 3 One-in-10 scale model of MLS. 

TABLE 1 COMPARISON OF MOBILE LINEAR 
ACCELERATED PAVEMENT TESTERS 

Test Loads/ Axle(kip) 
Sinale/Dual Wheel 

Test Wheel Size 
Sinale/Dual 

Wheel Soeedlmoh\ 
Reo/Hour 
Trafficked Lenalh 
Lateral Displacement 
of Test Wheelslfll 
Other Lengths(lt) 

Testing 
Transoortation 

Overall Widlbtltl 
Overall Heighl(lt) 

Testing 
Transoortation 

Total Masslkiol 

ALF 

9.4 - 37.9 

11x22.5 
12 

360 
40 

2.65 

92.6 
96.4 
13_8 

22 
14.4 
123 

ti VS 
Dual Wheels 

Single Set 

MLS 

DualfTandem Axles 
Multiple Sets 

HVS 

4.5 -45 

14 x 20 
8 

1200 
32.6 

4.9 

74.15 
74.15 
12.2 

13.6 
n/a 
125 

ALF 
Dual Wheels 
Single Set 

MLS 

6 -25 

11 x 22.5 
20 

10 920 
35 

3 

60 
48 ... 46 

11 

17 
13.5 
130 

FIGURE 4 Comparison of methods of load 
application among HVS, ALF, and MLS. 
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To increase the degree of real load simulation, the intention 
is to use standard truck components, including axles, tires, 
and suspension systems, as far as possible. Because there are 
many variations in the designs of each of the e c mponents, 
the MLS will have to be as adapta I as po sible. The adapt
abiJ ity of the M may interest manufacture rs of . uch com
pon 111 in te ting new d velopmenr in thei r re ·pecti e fields 
with the pro1 o ed MLS and will enhance use of ihe MLS. 

rit eria to b met in the d sign of the proposed ML fall 
under either overall dimensions or performance. The first 
determines transportation limitations , and the second deter
mines the rate of load application or the production rate. 

Specific design criteria (axle spacing and speed) were se
lected on the basis of practical con. iderations. A schematic 
con figurat ion i sh wn in Figure 5. This was eval uated by 
compari on with rea l traffic. lechanical feature · that wi ll be 
lhe ·ame in both the MLS a nd trucks, o-called off-the- helf 
items, were not evaluated for accuracy of simulation. These 
include features such as springs, wheels, and resistance trans-
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SO' 100 

SO' 100 ...__ 

FIGURE 5 Proposed MLS dimensions and axle configurations. 

mitted as a force to the surface of the pavement. Criteria 
evaluated were thus speed, sprung weight (mass riding on top 
of suspension), unsprung weight (mass riding beneath sus
pension), load intervals, lateral load distribution of under
carriages, and deflection bowl influences midway between 
axles of a tandem bogie and midway between two tandem 
bogies. (Undercarriages of trucks are commonly referred to 
as bogies and consist of single, tandem, tridem, or steering 
axles plus wheels and suspensions.) 

Axle Spacing 

Axle spacing in the system was an important consideration 
because 

• Recovery time and residual stresses for viscoelastic ma
terials should represent real conditions; 

• Deflection bowls between axle bogies should not overlap, 
leading to excessive superposition of stresses and strains; and 

• Electrical motors to drive the system must be able to 
produce relatively high speeds and should be placed in the 
system to provide combinations of driving and tagging axles 
without excessive fluctuations in speed. · 

Speed 

The design speed of the MLS is being limited to 20 mph . This 
should ensure stability and improve on other linear acceler
ated pavement testing machines. Power requirements will be 
based on achieving this speed within 2 min. 

In the literature (5), the dynamic effect of l'rllffic loading 
is based on stimates of the dynamic loading coeffici nt, which 
is the standard deviation of the dynamic load/static load and 
a function of the sprung mass acceleration . Because mechan
ical aspects such as unsprung mass, spring stiffness, tire stiff-
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ness, and suspension types are the same in the MLS as in real 
trucks, these need not be evaluated. However, speed and 
sprung mass will differ considerably. 

A Transport and Road Research Laboratory theoretical 
study evaluated the dynamic behavior of a wheel of a single
axle vehicle suspension system. The impact factor (IF), which 
is the common name for the ratio of dynamic force to the 
static wheel force applied to the road, was used in the study. 

Figure 6 shows an evaluation of axle hop at speeds varying 
from 10 to 60 km/hr (6 to 37 mph) over a 40 x 250 mm 
(1% x 10 in.) bump. The figure indicates that the first, sec
ond, and third IFs, or hops, increase with speed, but that the 
second and third maximum IFs are expected at 33 km/hr (21 
mph). For the first peak, an IF maximum of 3.0 is calculated 
at a speed of 100 km/hr (62.5 mph) with a theoretical maxi
mum of 3.33. Figure 6 shows that a 17 percent reduction for 
the first peak can be expected for the MLS operating at 20 
mph, compared with a truck traveling at 60 mph. Overesti
mates of 17 and 9 percent, respectively, are expected for the 
second and third peaks. 

Sprung Weight 

The sprung weight per axle on the MLS will be in excess of 
(and may be double) typical sprung weights of trucks because 
of provision for overloading of the structure to reduce dy
namic effects. However, this will not affect the bogie system, 
because the MLS superstructure will be supported on retract
able legs resting on the pavement. 

Unsprung Weight 

Depending on the design of the load transfer bogies trans
lating around the frame, the unsprung weight (axle compo
nents) can either be similar to or in excess of actual truck 
unsprung weights; the first is preferable. This can be done 
only through detailed design of the positioning as far as the 
electrical motor and transmission are concerned. A typical 
electric motor of 120 to 150 hp with the transmission could 
add from 1,500 to 2,000 lb to the unsprung weight if it is 
placed below the suspension. 

Load Intervals 

Evaluation of the load intervals in Figure 7 indicates that there 
is a similarity in the loading patterns of the pavement material. 
For modulus of rupture testing, stresses are generally applied 
at the same level and frequencies, which may not be the case 
for real pavement loading, because of variations in traffic 
loading conditions. For all four situations, the longer resting 
periods are similar; however, the intervals between axles on 
the same bogie for the MLS and axles on the same bogie for 
a truck differ by the ratio of truck speed to machine speed, 
which is two and three times smaller for the truck. This is due 
to the selected machine design, which features actual truck 
bogies for economy and better mechanical simulation. 

Increasing the speed of the machine would greatly improve 
the accuracy of the simulation of resting periods for tandem 
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FIGURE 6 IF versus speed. 

Modulus of Rupture Testing Rates 

MLS 20mph 

Truck 40mph 
II II 
Truck 60 mph 

I I 

0.0 1.0 

II 

1 • 2 second tolfowlna 1 

1 1 d1s1ance 1 

2 .0 

Time (sec) 

3.0 4.0 

FIGURE 7 Typical load intervals for a point on 
a pavement. 

axles but would lead to a decrease in resting periods for the 
longer ections. An alternative would be the removal of the 
middle bogie in each set of three bogies. Thi reduces the 
total number of axle. co e ight which will r educe the ra te of 
achievable acceleration considerably. Problems may also arise 
with irregular rotation speeds because of fewer axles on the 
pavement to provide translation. 

Lateral Load Distribution 

The previou ly discussed intervals of loading will al o be in
fluenced by the effect of lateral load di stributi on o'f actual 
traffic. Accordingly it was decided to obtain simi lar variance 
by spacing the different bogies randomly within a total lateral 
width of 36 in. 

Deflection Bowl Influences Between Bogies due to 
Closer Spacing of Axles on the MLS 

Using the linear elastic multilayer program EL YM5 (6), two 
pavement types were eva luated to examine the influe nces of 
the deflection bowls created by the tandem axles or a sta
tionary truck and by the MLS . For the three-layer system, 
modulus values were taken that were comparable with ma
terial properties expected in portland cement concrete pave
ments. For the four-layer system, material properties were 

used that were comparable with those of asphalt concrete 
pavements. The systems are . hown in Figure 8. 

Circular load were assumed in the analysis, representing 
a set of dual wheels and carrying a load of 9,000 lb at 75 psi 
wheel pressure . The simplification wa made because ELSYM5 
evaluates a maximum of 10 uniform loads. The analysis is 
al ·o subject t the u ua l assumpti ns of laye red the ry. 

D e flection profile · we re drawn for loading si tua tions in 
which the di tan e be tween bogies was varied (see Figure 9). 
According to A Factbook of the Meclrnnica / Propenies of the 

ompo11e111s for Single- Unit and Articulated Heavy Trucks (7). 
corresponding offsets (x-distances) f r trucks a re on th ore! r 
of 33 to 45 ft. The f(ect of teering ax les wa no t take n into 
account. The MLS will have two discrete x-distances of 36 ft 
and four x-distances of 16 ft, as shown in Figure 5. 

To establish an upper limit for x-distances to be evaluated, 
2-sec following distances for trucks traveling a t 45 mph were 
taken . Analysis at longe r x-di t<inces was not done in view of 
the trends of the results. 

Figure 10 shows the findings of the three-layer analy i . 
Similar results were found for the four-layer sy tern. The fol
lowing deductions can be made from the deflection graphs: 

1. At the 36-ft x-distance, surface deflections experienced 
with MLS loading are comparable with and fall within the 

3-LAYER SYSTEM 4-LAYER SYSTEM 

4" u =0.3 
E = 1,000,000 psi u = 0 .15 

8" E = 4,000,000 psi 

6" u = 0.3 
E = 200,000 psi 

u = 0.4 
6" E = 30,000 psi 

u = 0.4 
6" E = 30,000 psi 

u = 0.5 
E = 5,000 psi 

u = 0.45 
E = 5,000 psi 

FIGURE 8 Pavement systems evaluated with ELSYMS. 
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PLAN VIEW 

X-DISTANCE 
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KEY 

Point of measurement 
between axles 

Poinl of measurement 
between bogies 

Wheel contact area 
9,000lb@ 75 psi 

FIGURE 9 Diagram for computer analysis. 
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FIGURE 10 Deflections for three-layer system (9,000 lb, z = 0 in.). 

range of truck deflections for measurements between axles 
and between bogies. 

2. For both types of pavements, measurements of deflec
tions between axles of a bogie show little sensitivity to the x
distance up to 25 ft. 

3. The offset at the 16-ft x-distance indicates significant 
influ nc from the respective deflection bowls. Depending on 
the pirvement type, a difference of up to 0.015 in. can be 
experienced. 

On the basis of this analysis, superposition of deflection 
bowls can be expected for axle spacings corresponding to x
distances less than 16 ft. The effect of undercarriage spacing 
on test section performance is therefore an important variable 
to be analyzed, and variable undercarriage spacing must be 
a feature of the system. 

EVALUATION OF CLIMATIC FACTORS USING 
ACCELERATED PAVEMENT TESTING 

In the following discussion, it is assumed that environmental 
effects cause a reduction of pavement life. This need not be 
true throughout the pave ment life; liuwever, the same prin
ciples apply when environmental influences cause an increase 
in pavement life or a mixture of beneficial and detrimental 
effects. 

The traditional relationships between distress and time are 
shown in Figure lla. The figure shows that a certain distress 
occurs in a pavement because of the combined effects of load 
and environment. The distress occurs at an increasing rate, 
especially toward the end of the structure life, because of 
dynamic loading due to rougher pavement. At any given time, 

the relative contributions of the environment and loading to 
the total distress manifestation are not assessable. However , 
when accelerated loading is used to hasten the distress to a 
limiting level , the rate at which distress occurs (slope of D, 
and D 2 in Figure lla) is an indication of the relative positions 
of 11 and 12 on the time scale and the degree of distress caused 
by the environment. Conceptually, it can be shown that an 
infinite distress accumulation rate would be reached at the 
distress limit , when the structure is tested without accelera
tion. The1efure, the rate of distress occurrence at a given time, 
using statistically based data, can be used to estimate the 
remaining life of a structure. 

Figure llb shows how two similar pavement sections are 
tested to failure under the same environmental conditions but 
at different times during the life of the pavement. The dif
ference between the number of accelerated load applications 
(N1 and N2 ) can be attributed to two factors: the additional 
traffic that used the second section and aging or environmental 
effects. Because the traffic between testing of the first and 
second sections, N, ,.mc• can easily be measured , the reduction 
(or, in some cases, increase) in N2 , the remaining life, must 
be attributable to environmental effects, as given in Equation 
2. 

(1) 

(2) 

This relationship can be used to evaluate the effect of pro
cedures designed to counteract environmental distress and to 
estimate the remaining life of a pavement structure. 

A plot of the number of load applications versus time is 
shown in Figure llb. A locus of failure points is given, from 
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FIGURE 11 Conceptual application of accelerated pavement testing to evaluate environmental effects 
on pavements. 

an interpolati n f accelerated failure poLnts at different times 
(1 1, 12 ) , as well a the failure point of the un accelerated truc
tur . Accelerated loading occurs a t <l constant rate re ulcing 
in parallel lines that lead to a certain failure mode at different 
numbers of load app.lications. as given in ·quation 2. 

Two fam.ili s of curves are presented in · igure 1 lc . T he 
straight lines represent the tran fer functions relating strain 
to the number of load applications at failure that can be ex
pe ted at a given con rant stress level. urrent!y, laboratory 
results ar · used to determine these r la tionship . . Laboratory 
results often underestim ate fatigue !if of the material under 
real traffic and environmental conditions, which necessitates 
the use of shift factors to prevent costly overdesign of pave
ment structures. reat uncertainty exists about the magnitud 
of these shift factors, given that the goal is to determine Tr;n 
(see Figure ! le). 

The econd fa mil y is the curved relation hips thal depict 
the strain path versus number of load applications followed 
by a material und r con tan! stres I ading. ·or con. tant strain, 
these path <1re repr enl ed by straight vertical lines. trnin 
i shown as th depenc!ent vari able in Figur 1 lc. Because 
strain i not ea ily derived or determined in in-s rvice pave
ments, urface deflections arc usually u ed ins tea I o·f ·t ra in . 

Acceler1tcd testing a llows th re •archer to locate Tn .. by 
testing at different times during th li fe of a pa emen1 st ruc
ture. For u sp cific tru ·ture. defining the position of the 
transferfunction at T1 and T,_ will define the coinciding origin 
for the relation hips al one I ad application . All tran ·fer func
tion , including Tr,,., for that structure will originare from this 
point , thu · e. tablishing one point on th st might line. The 
transfer function . at 7'1 and T2 can be stab li hed by accel
erated testing at different levels of constant stress, leading to 

different times to failure . Connecting the failure points will 
result in the two accelerated load tran ·fer function . 

8 tablishing the other point on T,,,, requir s th strain paths 
fo r a t least three accele rated test pe riods . the accelerated 
strai n path li t 11, t !, and t J (13 n t ·h wn in Figure llc). and 
the application of the same load magnitude . Beca use of the 
mixture of traffic . the . r.rain path for traffic can be repr nted 
by a weighted a erage strain cau ·ed by the traffi -, which in 
turn d fine the load to be us d for the accele rated te ting. 

Plotting the strain paths for 11• 12 • and l.i will re ' u!t in failure 
points on each respective tran fe r unction after a certain 
number of applica tions. The train path for lhe normally traf
fi ked pavement between t , and 1.1 can ;;ti o be pl tted . an I it 
se rve as the p int r origin for ncce!crated tc ting ·train 
path . Th traffic strain path is then ex trap lated I tile T, 
tran fer function (not hown) . To establi h the ec nd I oint 
on Tr;,. , which lie. on the traffi strain pa th the locus of 
accele rated fai lure 1 oints can be extrapolated until it coi ncides 
with the normal traffic strain path. 

ln thil> \ ay a family f lr:tn. fer function: relating Strain to 
th number f I ad applications can be c. tablishecl ~ r dif
ferent combination of environmen t <tn I I ad. Thi · can be 
done in considerably less time than would nornwlly be re
quired using long-term pavement performance ;' LUdies. 

CONCLUSIONS AND RECOMMEND A TIO NS 

A concept for an accelerated pavement te. ting machine ha 
been pre ented as a first tep . Opera ti n of the mnchme ha 
been de cribed in a technical br chure, and a working model 
of the MLS was constructed as proof of the mechanical fea-



60 

ibility of the concept. T he mode l hO\ n in Figure 3 will a lso 
be used for model pavement studies. The next tep de ign 
and c nstruction of a full - cale prntotype , has been com
pleted. The development and use of the machine will be done 
within the budget constraints of SDHPT. Manufacture of sub-
equent machines will be undertaken only a fter a performanc 

evaluation of the pro totype has been completed and good 
experim ntal re ults have been obtained . 

Use of accelerated pavement testing is to be expected and 
en uraged by agencies ud1 as DHP . he cost of this type 
of te. ting, estimated a.t about $530,000 per year per machine 
(five tests per year), may necessitate a lte rnative funding t 

guard against encroaching on other re earch programs. Max
imization of be nefi t from acce lera ted paveme nt te ·ting will 
require dedicated fundin g to support a long- term le r pro
gram. At thi ·tage out-of- ta te participa1jon in the program 
has been limited t an advi o ry capacity. 

The MLS is expected to be operational in 18 months. Ul
timately the MLS program could be viewed in one of two 
ways. It could be used as the main indicator of the behavior 
of pavement structures , which implies an extensive fleet of 
l'vlLSs with a dedicated work force for many years to come . 
Alternatively, the MLS program could be considered as a 
means by which less expensive, faster, but still reliable meth
ods can be developed and evaluated Jong after most of the 
MLS testing has been phased out. This decision will have to 
be made on the basis of a benefit-cost analysis. 
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Comparison of Computer Predictions and 
Field Data for Dynamic Analysis of 
Falling Weight Deflectometer Data 

ALLEN H. MAGNUSON, ROBERT L. LYTTON, AND ROBERT C. BRIGGS 

The extraction of e11ginee ring properties of pavemen t layers by 
dynamic analy ·is of falling weight deflectometer (PWD) dati1 is 
demon tratecl. FWD data fr m two in- ervicc highway ections 
were analyzed. The FWD data consist of time record of urface 
load.ing and surface deflections at a range of disiance . A Texas 
Transportation ]nstitu te pavement dynamics computer pr gram 

ALPOT, wa used to generate predicred responses. Physical 
properties of the pavement were generated by n tria l-and-error 
backcalculation and a ysrcm Identification computer pro ram . 
The pavement surface vertiC<ll deflection were .charncterized by 
11 ·ing frequency re. ponse functions in the form of magnitude and 
phase angle plot as a famction of frequency. 1l1e magnitude plot. 
represent vertical pavement surface deformation re ulting from 
a steady- tale inu oidal urface loadi ng. The pha e angle data 
repre enr the lag angle between the loading and the surface d -
tlections. The asphallic concrete surrace layer wa represe nted as 
a three-parameter viscoelastk medium. The base cour e, subgrade 
layer ', and bedrock layers if any. were treated as d<imped ela tic 
olids. These phy ical pr pertie · were backcalculated by marching 

approximately the frequency-analyzed field da ta with computed 
val ues by varying ihe CALP T input dar, set. Go d agreem nt 
between experimental and computer-predicted responses was b
rained using th ba kcalculated pavement lnyer pr pertic . One 
ite with near- urface bedrock was analyzed and good agreem nt 

was obtained . 

Dynamic analysis is governed by various forms of Newton's 
second law. In continuum mechanics Newton 's law is usually 
expre sed as the Navier vector field equati n. For an axisym
metric, horizontally laye red, viscoelastic medium (a highway 
pavement ection), th vector fie ld equation can be separated 
into two scala r reduced wave equations, each having its own 
calar potential. The equations can be solved readily by u ·ing 

separation of variables and a suitable rth n rm al eigen
function cxpansi n. T he expanded lut ion can be evaluated 
numerically with specially formulated computer algorithms 
which may be implemented in one or more computer pro
grams. Thi proce s has been completed for the pavement 
dynamics problem , and some initial re ult a re presented. 

Dynamic ana lysis require · unde r landing of ere p compli
ance function complex moduli, wave phen me na, dynamic 
vector fie ld equations compre ional wave , hear waves 
laye red media and many Olher physical phenomena , as well 
as variou applied mathematics disciplines and num rical 
methods. By contra t sta tic analysis i · u ua lly formulated 

A. H. Magnuson and R. L. Lytton, Texas Transportation Institute, 
Texas A&M University System, College Station , Tex. 77843. R. C. 
Briggs, Texas State Department of Highways and Public Transpor· 
talion, Austin, Tex . 78701. 

using the biharmonic operator, which is a special case (zero 
frequency) of the two reduced wave operators in the corre
sponding dynamic formulation. 

NEED FOR PAVEMENT DYNAMIC ANALYSIS 

One may well a k, Why u e dynamic analysis when tahc 
analy i me thods are readil available? Whal, if anything, is 
wrong wiih existing stntic analy ·i pr cedurcs? These ques
tions can be answered as follows: 

• Dynamic analysis is more accurate and physically real
istic, becaus it takes into account transient (time-dependent) 
wave phenomena in the pavement layers . 

• More inf rmation on pav men t layer properties can be 
extracted, because all the information in the falling weight 
deflectometer (FWD) time-pulse data is used in the backcal
culati n procedure (as oppo ed to only peak value f the 
pulses, a is current! done in e la. to-static analysis). 

• Wit11 dynamic Malysis , the viscoela tic propertie. of chc 
asphaltic concre te (A ) ·urface layer can be characterized by 
creep c mpliance functi n in the time domain and complex 
moduli in the frequency domain. ta tic analy ·i · i limited to 
elastic modeling because viscoelastic phenomena are inher
ently dynamic. 

•More phy ical insight into the pavement section ( .g. , lhe 
presence of bedrock , moda l respon e . . and reflection and 
refractio.n between layers) can be obtained from dynamic 
analysis. 

• Dynamic analy ·is is more . ensitive to pavement laye r 
properties because of the additi nal data available. Thi · means 
tha t , in principle, more accurate backcalculation re:-ult can 
be obtained. 

Dynam ic a naly i. I o r ntially offers the following benefit : 
cost avings, fa t response time , and additional ngineering 
infonnation. Among the inh rent advantage of FWD dy
namic analysis are nondestructive testing of the pavement 
surface and inexp nsive, fast automated data acqui ·ilion and 
analysis . 

BACKGROUND 

In September 1987 the Materials , Pavements and Construc
tion Division of Texas Transportation Institute (TII) started 
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work on a 4-year research project, " Dynamic Analysis of 
Falling-Weight Deflectometer Data." The project is admin
istered by the Texas State Department of Highways and Public 
Transportation as part of FHWA's Cooperative Research 
Program. The project's purpose is to develop a computer 
model of pavement dynamic response and to apply it in the 
prediction and evaluation of pavement performance. 

The division is using mechanistic approaches to characterize 
pavement failu1e aIHJ aging associated with cracking and rut
ting. The dynamic analysis of FWD data can, in principle, be 
used to backcalculate pavement layer properties related to 
remaining pavement life. 

FWD (or drop weight force impulse) devices are in wide
spread use for in-service pavement evaluation and backcal
culation of moduli. However, pavement response data are 
currently analyzed with static models. 

In static analysis the dynamic <leflection basin caused by 
the FWD is assumed to be static, whereby the instantaneous 
pavement deflection at a given point is assumed to be pro
portional to the instantaneous force on the pavement surface. 
In static analysis, therefore , only the peak values of the force 
and deflection pulses are used. 

The FWD time-pulse data contain much more information 
on the pavement layers; however , this information cannot be 
extracted without a working pavement dynamic analysis pro
gram. Static analysis methods are used because no one has 
yet developed a practical working dynamic analysis program 
for pavements. 

RELATED WORK 

Pavement impulse testing is described by Lytton et al. (1) and 
Uzan et al. (2). Dynamic response of geophysical and geo
technical systems started with the work of Lamb (J) , who 
solved the problem of the dynamic response of a uniform half
space to describe the main features of earthquake tremors. 
Ewing et al. ( 4) is a standard reference in seismology for 
dynamic analysis of multilaye1eu elastic media. The analysis 
used in TTI's SCALPOT computer program is a direct ex
tension of this work. 

Magnuson (5 ,6) developed a matrix recurrence relation to 
solve the multilayered viscoelastic problem for another ap
plication. The recurrence relation reduced the matrix rela
tions to a series of 4 x 4 matrix manipulations that could 
easily be programmed on a computer. He also introduced 
viscoelastic complex moduli into the multilayer problem by 
using the correspondence p1inciple. Each layer's response was 
characterized by two scalar potentials , one for the compres
sional wave and the other for the vertical shear wave. The 
solution is expressed as a Fourier-Bessel integral expansion. 
This expression is an improper integral having one or more 
pole singularities near the path of integration and an infinite 
upper limit. The integral is particularly difficult to evaluate 
accurately because of the slow convergence as the upper limit 
approaches infinity . Magnuson (7) describes an integration 
algorithm developed for the pavement dynamics problem. 
The algorithm is an extension of Zhongjin's analysis (8). The 
multilayered medium's matrix algebra (6) and the integration 
algorithm (7) have been incorporated into the SCALPOT 
computer program, which was developed for the dynamic 
analysis of pavement responses. 
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SCALPOT AND FWD-FFT 

The SCALPOT (scalar potential) program developed at TTI 
computes the dynamic response of a horizontally layered vis
coelastic half-space to a time-dependent surface pressure dis
tribution. Vertical surface deflections resulting from the os
cillatory surface pressure distribution can be obtained for a 
range of frequencies and distances from the surface pressure 
distribution . 

SCALPOT has been modified to incorporate a surface layer. 
Additional modifications were made to treat pavement sec
tions with stiff layers and near-surface bedrock. The input 
data set for SCALPOT consists of the ge metrical configu
ration of the FWD apparatus and the physical properties of 
each pavement layer. The properties of each layer include 
thickness, weight density, viscoelastic parameters, Young's 
modulus, damping ratio, and Poisson 's ratio. SCALPOT is 
currently programmed to treat each layer as a damped elastic 
solid or as a three-parameter viscoelastic medium. 

Another computer program developed at TTI, FWD-FFT, 
was used for analyzing the FWD data. The methods used to 
analyze the FWD data are described elsewhere (9). The pro
gram scans the time series data, makes the pulse " tail cor
rection ," computes averages, and performs a Fast Fourier 
Transform (FFT) of the corrected and averaged pulse data. 
FWD frequency response functions are then computed by 
performing a complex division of the FFT of the surface de
flections by the FFT of the surface loading. The frequency 
response functions are computed for the seven displacements 
at each site, and the results are written to data files and 
plotted. 

FREQUENCY DOMAIN ANALYSIS 

FWD time pulses are transformed to the frequency domain 
by using the superposition principle. The transient pulses are 
expressed as a sum of time-harmonic functions interfering 
with each other in such a way as to closely replicate the original 
pulse shape. This process is performed efficiently using FFTs, 
which are based on an algorithm formulated by Cooley and 
Tukey in the 1960s. 

This study was conducted using frequency domain analysis, 
whereby the pavement surface vertical deflections were char
acterized with steady-state frequency response functions. At 
a given frequency, the vertical surface deflections are repres
ented as the response to a sinusoidal vertical surface loading. 
The data are presented in the form of magnitude and phase 
angle plots as a function of frequency. The phase angle repres
ents the lag angle (at a given frequency) between the loading 
and the surface deflections. 

PAVE-SID 

PAVE-SID, a computer program ba ed on the System IDen
tification (SID) methodology was developed to extra t pave
ment properties by using FWD data and dynamic analysi · 
techni.qu . PA VE-SlD is described by Torpunuri (10). The 
input to the program are the FWD experimental frequency 
response functions and computed responses generated by the 
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ALPOT program. The SID method i · described in detail 
elsewher (U ,12). PAVE- ID uses S ALPOT t generate <L 

data base for constructing a ensitivity matrix . lncrem 111 · in 
pavement layer propenie are computed from the field data 
and the ·cnsitivity matdx. The updated parameter are input 
into SCALPOT and the re. p nse is compu ted and compared 
against the field data. Tl) process is repeated until conver
gence is obtained. 

PAVEMENT VISCOELASTIC PROPERTIES 

An early study of viscoelastic properties of A materi.als wa 
conducted by Papazian (l 3). Papazian performed lab ratory 
creep tests on A core . am pies and used a lin ar Voigt-chain
Maxwell vise elastic representation (14) 10 m del the train 
data in both the time and frequency domain . Lai and An
der. on (15) used a nonlinear Voigt-chain-Maxwell viscoelastic 
representation to model Lhe creep and recovery of A material. 

Paris' law gove rning crack propagation in a vi coelastic 
medium provides a direct link between pavement cracking 
and phy ical properties of the A material. chap ry (/6) put 
Paris' law on a sound mechanistic footing and developed a 
nonlinear fracture theory for viscoela, tic comp ite materials 
applicable to A pavement . 

Pavement rutting re ulLing from permanent deformation f 
the A layer is characterized by Kenis's viscoelas tic system 
(YE YS) mu-alpha f rmulation (17). The VE YS f rmula
tion can be applied to the viscoelastic characleriw tion r th 
pavemenL to estimate remaining li fe before failure from rutting. 

ANALYSIS OF FWD DATA 

Figure 1 is a time plot of the FWD f rces and su rface de
flections for the District 1, Site 3 (DOl S3) pavemen t section 
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near Paris Texas. igure 2 is a similar pl t for the Di. trict 
8 ite 4 (008 4) ection Interstat • 20) n ar Abil ne , Texas. 
The FWD data in Figures 1 and 2 ar in the form of digitized 
time series with a sampling rate of .2 msec over a 60-ms 
durnti n. Figure l and 2 are working plot · u cl in data 
reduction and preprocessing. They ar , creen dumps of a 
VGA 640- x 4 0-pixel color video di play from an IBM AT
c mpatible computer with an Inte l .10386 microproce ·s r. The 
forces and deflec1i n arc ·caled from the pixel plots by di
viding by the 'fcon t" and " dconst" values shown for each 
figure. The header· for each figure site give the load , highway 
ection data, date f tcsl , lhickness of A urface cours . and 

surface temperature. The inverted curve · at the I. p ol' the 
figures show the drop weight force on the pavement urfac 
a a function of time. Th seven urface deflections are hown 
for sensors spaced 0, I , 2, 3, 4 5, an I 6 ft from the center 
of the drop weight. The dc(lections decrease with distance. 
o the largest deflection i: f r the sen or at r -= 0. The de

flections in Figur 2 for DO S4 . how an ver ·ho L or z · ro
cro si ng at th tai l of the pulse. The zcro-cro sings of the 
deflections indicate that near-surface bedrock i. pr . ent. 

CREEP COMPLIANCE DAT A FROM AC 
SAMPLES 

Core samples for the section wer taken in an arlier s tud . 
Information on the sections is given in Table L which indicate, 
that they are both relatively tiff pavements ha ing a thick 
AC surface cour ·e. Figure 3 show recently obtained creep 
data for three A core sample. for the DO I 3 and 008. 4 
section . The data in · igurc 3 show longi tudinal strain rc
·ponse of the A surface course amples ·ubjected to a ·ud
denJy applied con tant stre s ( tep function) uniaxial c mpre -
·ion. The data were taken using a materials te. ting ystem 
machine at ITI. The strain data in Figure 3 arc presented in 
the form of log-log plot o f milli ·train as a function of time. 

Load and Deflections vs Time for the Medium load(Load3) 
District 1: Site 3: SH 8ZE: 06/ZZ/89: 1Zin AC: Av.Temp 86 .3 F 
~-----------'· veraged Plot,,__ ___ ~-~~-----..-
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FIGURE 1 FWD time-pulse data, D01S3-drop weight force and seven displacement sensors 
versus time. 
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Load and Deflections us Time for the Medium load(Load3) 
District 8: Site 1: IH 20: 08/16/89: Win AC: Au.Temp 87 F 

....----------~·ueraged P lo.t _ _ _ _ -..:.-~~-----. 
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FIGURE 2 FWD time-pulse data, D08S4-drop weight force and seven displacement sensors 
versus time. 

TABLE 1 PAVEMENT SECTION CHARACTERISTICS (FROM CORE SAMPLING 
LOG) 

Section Surface Course Base Course Subqrade 

D01-S3 12 in thk AC 22 

D08-S4 10 in thk AC 11 

0 • • ! . 
0 .......... : .. . ...... . . -:-··------··· : · .. .. ..... : ... . .. ..... :··~----

~ -- ; J / ~l~ 
~ ~ ·····-~ r·;~" r:~ :;~ ' · 
2 ,i;- ~ : ; + DD8S4- 1 

N 
I 

0 

t . . x 00854-2 
······ ····-· .... .. .. ... . 

10 - 2 10 -1 100 10 1 102 103 
Time , s e c . 

FlGUltE 3 Log-log 1>lot of millistrain from laboratory 
compressional creep le.st -one samplr. from DOIS3 and 
lwo sam11ll's from DOS '4. 

PAVEMENT FREQUENCY RESPONSE 
FUNCTIONS 

104 

in 

in 

Figure 4 and 5 repre ent the frequency re ponse functions 
for pavement vertical surface defl ections resulting fr Ill a ver
tical ' urface pressur di. tri bution cau. eel by the · WD appa
ratu ·. or convenience, the magnitude re. p nscs are given in 

(Sandy) Clay 

LS CR Clay:Rock@ 9.75 ft 

units of mil p r 10 kips in Figures 4a, 4c, 5a and Sc. Figure 
4 how D01S3 fr quency re -ponse function. computed fr m 
FWD da ra using th FWD-FFr computer program. Data are 
hown or di placements a t r = 0, J. 2, 3 4, 5 and 6 ft . 

Magnitude response· fo r rhe inner sen. or , phn e angles for 
rhe inner sensors, magnitude for the out r sen r. , and pha, e 
angle fo r the out r sensors arc hown in Figur s 4a 4b, 4c, 
;md 4d resp ctively . T he magnitudes in Figures 4a and 4c 
decrease 1 ich r, o the r = 0 curve i on top , the r = 1 ft 
curve is immediately below it and o on. The phase angle 
cmves in Figure. 4b and 4d tart with the smalle. t r on top 
and work down as r increa. es. . 

The e FWD frequency respome curve. b have the smn 
for all the sections examined so fa r· the general arrangem nt 
of the respon ·e curves in Figure 4 i the same for other sec
tions. The magnitude curv decrea e with frequency becau. e 
of the effect of the ma s through ewt n' law. imilarly the 
pba · angles increase with frequency. 

The DOIS3 phase angle curves fo r r = 5 and 6 ft show a 
jump at the higher frequencies. The;: jump coincide · with a 
dip or parti al null in the rresponding magnitude curves. 
This beha ior indica t s wa e interference, or poss ibl modal 
re ·ponse caused by repeated back refl ection ff lower layers. 

Figure 5 shows D08. 4 frequency rcspon e function com
put ct from FWD data using the FWD-FFT c mpu ter pro
gram. Data, whi h ar hown for the same displacement a 
f r · igure 4 are arranged in the ame way as the data in 
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Figure 4. The magnitude <1nd pha. · angle curves differ con
siderably from the DOl S3 re pons s because of the near
surface bedrock. The magnitude response hav a pronounced 
peak at about 30 Hz. he peaking increase · f r increa ing 
distance r. There are two or three partial nulls in magnitude 
and corre ponding jumps in phas angle. In add ition the pha e 
angles of the inner enso rs how a cro sover a t about 2S Hz 
followed by a lead angle for lower frequencies. There i tip

parently a nnection between the unu ua l behavior f the 
fr quency re ponse curves in the presence of bedr ck and th , 
time-pulse overshoot or zc~o -cros ing seen in Figure 2. 

VISCOELASTIC REPRESENTATION OF AC 
MATERIAL 

The simple t way to interpret the data in Figure 3 is to use a 
two-parameter power-law r presemaiion, as follows: 

D(t) =At" (1) 

wller /1 is the log-log slope and A is the intercept a t t = J 
sec. A three-parameter repre ·enrntion , n generalized time
domain power-law repre enta tion , i ' a l in ex te nsive u e. 
The ge ne ralized power-law or three-parameter repres "ntation 
eparatc. the viscoelastic pan fr m the (a ·umcd) e la tic re
p nse , and may be written as follow : 

(2) 

where D 0 is the elastic compliance and D 1 is the viscoelastic 
term evaluated at t = 1 sec. 

Becau e f the reciprocal re lationship between compliances 
and mod uli , the first and second compliances in Equa tion 2 
can b written a. fo llows: 

(3a) 

and 

(3b) 

wber £ 0 is the elastic modulus and £ 1 is the viscoelastic 
m du lus at t = 1 sec. 

~ xpressing Equation 2 in terms of the moduli in Equation 
3 give. 

D(t) = 1/£0 + t"/E 1 (4) 

This representation, when evaluated at t = 1 sec, is equivalent 
to two springs in series. 

FREQUENCY DOMAIN REPRESENTATION OF 
AC CREEP COMPLIANCE 

The time-domain creep compliance functions (Equations 1 
and 2) must be transformed into the frequency domain for 
use in pavement dynamic analysis programs. The frequency
domain representation is called the complex compliance be
cause it can be expressed as a complex number having a real 
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part and an imagi nary part. Performing a ·ourier imegral 
tra11sform on - quations l and 2 gives th following for the 
two- and three-parameter complex c mpliancc , respectively: 

D(w) = Af(l + n)w-"[cos (mr/2) - isin (mr/2)] (5a) 

D(w) = D 0 + D 1f(l + n)w-"[cos (mr/2) 

- isin (mr/2)] (Sb) 

where i = \/=T, w is the radian frequency, and r represents 
lhe gamma function. 

Equation Sb, for the three-parameter representation, has 
been coded into the SCALP T pr gra m. 

LABORATORY CREEP COMPLIANCE DATA 

The D01S3 and DO S4 creep data in Figure 3 were u ed to 
obtain the viscoelastic parameters for the tbree-pararneter 
model hown in Equation 2. For th at representation th con
stant D 0 for the elastic component is an assumed value. The 
viscoelastic comp n nt wa obtai ned b subtracting o ut th 
a surned e la tic term fr m the l()tal creep data in Figure 3 
and rcplotting the remaining train on a log-I g cale. T he 
vi coelastic parameter. 11 and 0 1 are o tain d from lh ·lope 
and int rcept, re peccively, of the log-log plots. 

DESCRIPTION OF COMPARISON STUDY 

The comparison study pre ented here wa onducted on cc
tion 00153 and 00854 because core sample. from the e 
ection w re left ver from a previous inve tigati n. The 

sample were tested in uniaxia.I con · iant st rc s iu compre si n. 
This a llowed the invesiigators to ompnr backcalculated vis 
coelastic parameter brained from FWD data with laboratory 
te t re ult . 

The frequency response functions . hown in · igure I and 
2 w r c mparecl ~ ith corresponding compur I value gen
enned by th ALP program. The backcalculation study 
wa · performed by c ·ti mating lhe S A POT data set using 
creep data for A material and modulu dat ·1 gen rat d from 
tatic backcalculation efforts. The estimated data et was used 

in the A P T program to obtain a first approximation t 
the surfac defl ·cti n . Followi 11 • the initial c tinrntes, the 
moduli, vi coela tic c n rnnts, and unknown layer thickness •s 
for ea h layer were ad ju t cl one at a lime on a trial-and-error 
ba. i until ·•n isfactory agreement with field data was achie ed. 

Genern lly speaking. th re ponse. at th I \ frcquencie:. 
are d<>minated by the lowest layer. This ob. erva ti n led t 
th imroducti n f n.e\ ublayers by splining the subgrad or 
the bcd r ck , r both. int two. ublaycrs , with m du!tt in
creasing with depth. Thi subdivi ion improved the correla
tion at lo\ freq uencie · . 

Section D01S3 was further subjected to an automated back
calcu lalion proced ure using the PA ~ - ID computer pr -
gram . The fD study significantly impr ved agrcem~nt f the 
field data with compu l d re ' r onses. The SID stud' u. eel fre
quencic from <lpproxi mm ly I 0 to 130 Hz in I 0-Hz . icps. 
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RESULTS OF COMPARISON STUDY 

D01S3 Results 

Figure 6 compares SCALPOT-computed values using the 
backcalculated three-parameter viscoelastic representation with 
frequency-analyzed FWD data. The symbols represent com
puted values and the solid line represents the FWD data. The 
FWD data are the same as in Figure 4. Figures 6a, 6b, 6c , 
and 6d show the magnitude response at r = 1 ft, the phase 
angle response at r = 1 ft, the magnitude response at r = 4 
ft, and the phase angle response at r = 4 ft, respectively. 
There is good correlation of phase angle at both r = 1 ft and 
r = 4 ft. Magnitude correlation is good for r = 1 ft; however, 
some discrepancy is apparent at r = 4 ft. Nevertheless, the 
discrepancy is within 1 mil per 10 kips. 

Figure 7 compares, for all displacement sensors at Section 
D01S3, the SCALPOT-computed values and the frequency
analyzed FWD data shown in Figure 4. It appears here to 
show the full data set used in the actual backcalculation pro
cess. The symbols represent computed values, and the solid 
lines represent the FWD data. Figures 7a and 7b show the 
magnitude and phase angle responses, respectively, at r = 0, 
1, 2, and 3 ft; Figures 7c and 7d show the magnitude and 
phase angle responses, respectively , at r = 4, 5, and 6 ft. 
There is good agreement for both magnitude and phase angle 
at all values of r. At a given frequency the magnitudes are 
larger for smaller values of r, and the phase angles increase 
with r. 

The agreement of the outer sensors in Figure 7c does not 
appear to be as good as the inner sensors' correlation . This 
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is because the magnitudes are shown on an expanded scale. 
The absolute correlation for all the magnitudes is within 0.5 
to 1 mil per 10 kips , which is the limit of resolution of the 
geophones. The good overall agreement can be attributed to 
the use of the PA VE-SID program in the backcalculation. 

Table 2 shows pavement layer thicknesses, including the 
backcalculated thickness of the upper subgrade layer. Table 
3 shows viscoelastic parameters £ 0 , £ 1, and n for the AC 
surface course; backcalculated values for Young's modulus; 
and damping for the base course and both subgrade layers. 
Table 4 compares viscoelastic parameters obtained from lab
oratory tests with those obtained from backcalculation. 

D08S4 Results 

Figures 8 and 9, respectively, show information for Section 
D08S4 corresponding to that shown in Figures 6 and 7 for 
Section D01S3. Again there is good agreement for both mag
nitude and phase angle for all values of r. Agreement at 
frequencies below approximately 10 Hz is poor, apparently 
because of the hyperbolic behavior of the complex modulus 
in Equation Sb. To avoid this, a four-parameter model for 
the AC surface course would be necessary. 

From coring data, this section was known to have a near
surface bedrock layer at a depth of 9.75 ft (see Table 1). For 
this reason, the section was initially treated as a four-layered 
section, with a three-parameter viscoelastic AC layer, a base 
course, a subgrade layer, and the infinitely deep bedrock 
layer. In addition to the moduli of the top three layers, the 
depth to bedrock and the bedrock 's modulus were backcal-
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TABLE 2 PAVEMENT LAYER THICKNESS (INCHES) 

Site D01S3 DOBS4 

Laver Thickness Deoth Thickness Death 

AC Surf ace 12 12 10 10 

Base 22 34 11 21 

Subgrade 20* 54 72* 93 

SG-2/BR-1 "' - 48* 141 

Bedrock-2 - - "' -

* Back-Calculated Value 

Note: SG indicates subgrade; BR indicates bedrock. 



TABLE 3 BACKCALCULATED PAVEMENT LAYER MODULI AND DAMPING 

Site D01S3 D08S4 

Layer Modulus Damping Modulus Damping 
(KSil (KSI) 

AC Surf. (3-Par) 0.296* 0.30* 

EO 834.0 1250.0 

El 1516.4 1250.0 

E @ 10 msec 731 999.0 

Base Course 45.11 0.015 104.2 0.015 

Subgrade l 20 . 17 0.015 31.3 0.075 

SG2/BR-l 48.61 0.075 83.33 0.015 

Bedrock-2 - - 111. l 0.015 

* Slope of Log-Log Creep Curve 

Note: SG indicates subgrade; BR indicates bedrock. 

TABLE 4 AC SURFACE COURSE VISCOELASTIC PARAMETERS
LABORATORY DATA AND BACKCALCULATED VALUES 

Site 

D01S3 
a) Lab, 104°F 
b) Back-Calculated 

D08S4 
a) Lab, 104°F 
b) Back-Calculated 
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using backcalculated three-parameter viscoelastic representation and frequency-analyzed FWD data (lines). 
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FIGURE 9 D08S4 frequency response functions for all displacement sensors: comparison between computed values 
(symbols) using backcalculated three-parameter viscoelastic representation and frequency-analyzed FWD data (li11es). 

culated. To improve low-frequency agreement, the bedrock 
half-space was then divided into two layers, as indicated in 
Table 2. The improved agreement (except at the very low 
frequencies) is evident in Figures 8 and 9. The good agreement 
indicates that dynamic analysis can be used to backcalculate 
pavement layer physical properties , even in the presence of 
near-surface bedrock. Tt is dear from the values of the bed
rock moduli in Table 3 that any attempt to backcalculate layer 
properties for this section without taking into account the 
shallow bedrock would lead to erroneous results. 

Comparison Between Laboratory Data and 
Backcalculated Values 

Table 4 compares backcalculated AC viscoelastic parameters 
and laboratory creep data. The log-log slope (11) for the lab
oratory data was about twice the backcalculated value for 
both sections. The backcalculated elastic modulus £ 0 was about 
half the laboratory data value for D01S3 , whereas the back
calculated and laboratory data were the same for D08S4 . The 
backcalculated viscoelastic modulus£, was about equal to the 
laboratory data value for D01S3, whereas the backcalculated 
value was about four times the laboratory data value for D08S4. 

Two Versus Three Parameters 

The three-parameter viscoelastic model was used instead of 
the two-parameter model because agreement between labo
ratory data and backcalculated values was poor for the two-

parameter model. The backcalculated slope (n) was typically 
one-half to one-fifth of the laboratory data value. The back
calculated intercept (A in Equation 1) was typically 1/ioth to 
Y20th of the laboratory data value. Such large disagreement 
indicates that the two-parameter model is not physically realistic. 

Effective Modulus for AC Surface Layer 

The time domain three-parameter complex modulus in Equa
tion 2 may, for comparative purposes, be evaluated at some 
representative time . The time can be taken at the peak of the 
FWD drop weight time pulse, which occurs at approximately 
10 msec, or 0.01 sec after the start of the pulse (see Figures 
1 and 2). Table 3 shows a modulus denoted as " E @ 10 msec" 
for the AC layer. This representative modulus at the pulse 
peak can be used to compare with resilient moduli obtained 
from cyclic loading and resonant column tests. 

CONCLUSIONS 

The Tfl-developed SCALPOT program using a viscoelastic 
model for the AC surface course has been shown to describe 
or predict accurately the dynamic responses of the two pave
ment sections under study, 001S3 and D08S4. For both sec
tions, the program backcalculated pavement layer properties, 
including moduli, lower layer thicknesses, and, for the AC 
surface course, the three viscoelastic parameters . On Section 
D01S3 the subgrade was split into two sublayers for which 
stiffness increased with depth. This was done to achieve better 
correlation with the low-frequency FWD data. 
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The dynamic analysis procedure was used successfully on 
a pavement section known to have near-surface bedrock, Sec
tion D08S4. The FWD responses were shown to be strongly 
affected by the presence of the near-surface bedrock layer. 
Nevertheless, the backcalculation produced realistic values 
for the moduli and the viscoelastic parameters for each layer 
(including the bedrock layers) . The bedrock layer was divided 
into two sublayers to improve agreement between FWD field 
data and computed responses at the lower frequencies. 

The results described indicate that this dynamic analysis 
method shows promise for use in the testing and evaluation 
of AC pavements. The comparison study indicates that pave
ment dynamic responses can be accurately modeled by adjust
ment of the physical properties of each layer in the SCALPOT 
program's input data set. 

RECOMMENDATIONS 

An extensive validation study is needed to establish the range 
of pavement types that can be treated by dynamic analysis 
and the amount and form of engineering information that can 
be extracted for each type . In such a study laboratory data 
from samples should be compared with backcalculated pave
ment layer properties obtained from FWD data, as in Table 4. 

Backcalculation studies of 25 Texas pavement sections in 
the TTI dynamic analysis project are now in progress . The 
TTI PA VE-SID program will be used to perform automated 
backcalculations for these sections. 

Creep compliance and creep recovery data for AC samples 
are needed for time scales down to the tens of milliseconds 
range. These data are required for the three-parameter com
plex compliance model defined in Equation Sb. The elastic 
component must be separated from the viscoelastic compo
nent. In addition, recoverable deformation must be separated 
from permanent deformation. The shorter time scales are 
needed because they are the time scales of the pavement 
design axle loads at speed. It is not known whether the power
law exponent (n) at the smaller time scales is the same as the 
exponent at the long time scales customarily used in labora
tory creep and creep recovery tests. 

This dynamic analysis procedure must be evaluated on its 
ability to predict layer moduli and viscoelastic parameters, 
layer thicknesses, and cracking and rutting as they relate to 
viscoelastic linear and nonlinear properties. 

ACKNOWLEDGMENTS 

The first author wishes to acknowledge the enthusiastic sup
port, on both technical and financial matters, of his coauthor, 
the project's technical coordinator, R. C. Briggs of the Texas 
State Department of Highways and Public Transportation. 
The first author also wishes to acknowledge his other coau
thor , R. L. Lytton, head of TTI's Materials, Pavements and 
Construction Division, for his guidance on technical matters, 
encouragement, and support . 

George J. Bakas performed the creep tests and provided 
the creep compliance data. Ajay R. Karkala performed the 

71 

FWD data reduction and computed the pavement section 
frequency response functions using the FWD-FFT computer 
program he developed. Vikram Torpunuri computed the 
pavement layer properties for Section D01S3 using the PA VE
SID computer program he developed. 

REFERENCES 

1. R. L. Lytton, F. P. Germann, Y. J. Chou, and S. M. Stoffels. 
NCH RP R eport 327: De1crmi11i11g Asphaltic Concrl!lt! Pavement 
Structural Propel'lie, by No11tl1!. lr1tctive Testing. TRB, National 
Research Council, Washington, D.C., 1990 . 

2. J. Uzan, R. L. Lytton, and F. P. Germann. General Procedure 
for Backcalculating Layer Moduli. First Symposium on Nonde
structive Testing of Pavements and Backcalculation of Moduli, 
ASTM, Baltimore, Md., 1988. 

3. H. Lamb. On the Propagation of Tremors over the Surface of 
an Elastic Solid. Philosophical Transactions of the Royal Society, 
Vol. 203, 1904, pp. 1-42. 

4. W. M. Ewing, W. S. Jardetzky , and F. Press. Elastic Waves in 
Layered Media . McGraw-Hill Book Company, Inc., New York, 
1957. 

5. A. H. Magnuson. The Acoustic Response in a Liquid Layer 
Overlying a Multilaycred Viscoelastic I lal f-Space. Journal of 01111<1 
and Vibration, Vol. 43, No. 4, 1975, pp. 659-669. 

6. A. H. Magnuson. Sound Propagation in a Liquid Overlying a 
Viscoelastic Hal/space. Ph.D. thesis. University of New Hamp
shire, Durham, 1972. 

7. A. H. Magnuson. Computer Analysis of Fal/ing-Weighr Deflec
/omeler Data, Part I: Vertical Displacement Complllations on the 
Surface of a Uniform (One-Layer) Half-Space due to an Oscil
lating Surface Pressure Distribution. Resea rch Report 1215-lF. 
Texas Transportation Institute, Texas A&M University, College 
Station, Nov. 1988. 

8. Y. Zhongjin. A Method of Finite Integrals of Oscillating Func
tions. Communications in Applied Numerical Methods. Vol. 3, 
.1987. pp. l - 4. 

9. A . U. Mftgnu. n. Dynamic Analysis of Falling-Wei1:!1t Deflec
rom eter Oal<I . Rc ·earch Report 1175-1. Texas Tran portation In
stitute, Texas A&M University, College Station, Nov. 1988. 

10. V. S. Torpunuri. A Mi!rlwdolugy To Identify Material l'ro1Jerties 
in Layered Viscoelastic llalj!.pa1Jes. M.S. thesis. Texas A M Uni
versity, College Station, 1990. 

11. W. Menke. Geophysical Data Analysis: Discrete Inverse Theory. 
International Geophysics Series, Vol. 45, 1989. 

12. H. G. Natke and J. T. P. Yao. Structural Safety Evaluation Based 
on System Identification Approaches. Proceedings of the Struc
tural Safely Evaluation Based on System Identification Ap
proaches, Lambrecht, Germany, 1988. 

13. H. S. Papazian. The Response of Linear Viscoelastic Materials in 
the Frequency Domain. Report 172-2. Transportation Engineer
ing Center , Engineering Experiment Station , Ohio State Uni
versity, Columbus, 1961. 

14. Y. C. Fung. Foundations of Solid Mechanics. Prentice-Hall, Inc .. 
Englewood Cliffs, N.J .. 1965. 

15. J. S. Lai and D. Anderson . Irrecoverable and Recoverable Non
linear Viscoelastic Properties of Asphalt Concrete. In Highway 
Research Record 468, HRB, National Research Council, Wash
ington, D.C. , 1973, pp. 73-88. 

16. R. A. chapery . Nonlinear Fracture Analysis of Viscoelastic 
Composite Materials B<tSed on a Generalized J Integral T heory. 
Proc., l11pr111-U.S. 011/erence on Composite Materials, okyo. 
Jan. 1981. 

17. W. J. Kenis. Predictive Design Procedures, VESYS Users' 
Manual-An lnrerim Design Method for Flexible Pavement Using 
the VESYS Structural Subsystem. Report FHWA-RE-77-154. 
FHWA, U.S. Departmen t of Transportation. 1978. 



72 TRANSPORTATION RESEARCH RECORD 1293 

Accuracy and Consistency of 
Backcalculated Pavement Layer Moduli 

Y. J. CHOU AND ROBERT L. LYTTON 

Backcalculation of pavement layer moduli from deflection mea
surements has been a focus of recent pavement research because 
of the need to adopt mechanistic design and analysis methods 
and the widespread use of nondestructive testing devices such as 
the falling weight deflectometer and Dynaflect. A number of 
pavement structural models and computerized procedures have 
been developed to perform backcalculation. However, the results 
often vary among analysts because of the assumptions m.ade in 
each procedure and the different input assigned by md1v1du~l 
analysts. Such variation causes concern because engmeers will 
not have confidence using the backcalculated moduli in pavement 
evaluation or design if the size of the error associated with the 
backcalculated moduli values is unknown. To better understand 
the accuracy and c n istency r the available backcalculation pro
cedur , lrnckcalcula tion re ult from different agencie using var
ious procedure. were Ct)lnp;ired. The result indicnte that dis
crepancies among agencies can be large; however, a few agencies 
reached good agreement in many cases. The sources of systematic 
errors and ways to reduce them are discussed . Finally, an expert 
system approach that uses a specific analyst's knowledge to pre
pare in1 ut for the mechanistic backcalculation pr gram and to 
interpret re ults is de cribed. 

Backcalculation of pavement layer moduli from nondestruc
tively measured deflection basins has become the state-of
the-art method in pavement structural evaluation (J). A num
ber of backcalculation computer procedures are available, for 
example, MODCOMP2 (2), BISDEF (3), CHEVDEF (4) , 
ELSDEF (4), MODULUS (5), and ELMOD (6). Most of 
these programs model the pavement structure with a layered 
elastic system and use an iteration scheme to find the set of 
layer elastic moduli that best matches the computed theoret
ical deflections with the measured pavement deflections. The 
iteration process may require a large amount of computer 
time. Many programs use the influence zone concept to reduce 
the iterations. 

Only two material parameters (Young's modulus and Pois
son's ratio) are needed to describe the possible deformation 
in linear elastic theory, which is one of the major reasons why 
layer elastic theory is used by many backcalculation programs 
(7). In backcalculation, the less important parameter, Pois
son's ratio, is usually assumed, and only the Young's modulus 
of each layer must be calculated to match the surface deflec
tions. Because each layer is represented by only one unknown, 
the number of surface deflection readings needed in back
calculation is equal to the number of layers with unknown 
moduli. This reduces the number of variables to be solved for 

Y. J. Chou, Department of Civil Engineering, University of Toledo, 
Toledo, Ohio 43606. R. L. Lytton, Texas Transportation Institute, 
Texas A&M University , College Station, Tex. 77843. 

and allows a direct search technique to be used in converging 
to the effective layer moduli values. 

Other methods of modeling pavement structures include 
the finite element method and the elastic-dynamic method. 
The finite element method is considered more accurate in its 
ability to model stress-sensitive materials. However, the in
crease in accuracy is usually accompanied by a greater number 
of unknown parameters, which makes backcalculation more 
difficult. In addition, the finite element method usually de
mands much greater computing power, and still it is not en
tirely successful in dealing with granular materials. The elastic
dynamic method may provide a better representation of the 
dynamic loading, but it is also more complicated in its analysis 
and, hence, in backcalculation. This study focuses on back
calculation by static, linear elastic analysis. 

The basic assumption of backcalculation is that when the 
computed surface deflections match the measured deflections, 
the resulting layer moduli values represent the material mod
uli in the field. In other words, a unique set of layer moduli 
exists such that the theoretically computed deflection basin is 
equivalent to the measured basin. In nondestructive testing 
(NDT) backcalculation, only a few discrete surface deflection 
readings represent the deflection basin. The number of read
ings sampled must be at least equal to the number of layer 
moduli to be backcalculated to avoid a nonunique solution. 
Because of the rounding and truncation errors introduced 
during backcalculation, it may not even be possible to repro
duce exactly the original layer moduli from a basin generated 
by the linear elastic solution. 

In reality, inaccurate layer thicknesses and subgrade depth 
input and, more important, the deviation of material behavior 
from linear elastic modeling, prevent the use of a small tol
erance for surface matching error, because no theoretical so
lution may exist with the given model that matches the mea
sured basin perfectly. The increased tolerance introduces other 
nonuniqueness of the backcalculated moduli values. 

Thus, dividing a pavement structure model into many layers 
may produce nonunique solutions, whereas assuming fewer 
layers may not produce solutions Lhal malch Lhe measured 
deflection readings. This dilemma leads to the following 
understanding: the objective of backcalculation is not to match 
surface deflections perfectly, but to obtain a reasonably good 
assessment of the underlying structure. Such an assessment 
can usually be achieved if other pertinent information (e.g., 
layer thickness, subgrade depth and component, layer ma
terial type, pavement construction history, and existing dis
tresses, if any) is used. Without a thorough knowledge of the 
pavement structure, achieving a good match of the surface 
deflection may not be meaningful in pavement evaluation. 
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The error of backcalculation methods here means the accu
racy in estimating the in situ layer moduli, not the error in 
matching the surface deflections. 

Because backcalculation relies solely on measured pave
ment surface deflection under a given load, it is difficult to 
backcalculate moduli of thin layers and material properties 
other than moduli. Simultaneous measurement of impulse 
loads and dynamic deflections generated by the falling weight 
deflectometer (FWD) may provide more information, but this 
technique is still under development (J). 

With the available layer elastic solution, several things can 
still be done to improve the backcalculation process. They 
include reduction of the errors caused by convergence schemes 
and better estimation of the given input parameters, such as 
Poisson's ratio, effective layer thickness, and depth to bed
rock. The latter is a significant contributor to the size of errors 
and is more difficult to assess because it varies with each 
problem. Experience, engineering judgment, and accurate 
data must be relied on for every backcalculation problem. 

MODULUS-A NONITERATIVE 
BACKCALCULA TION PROCEDURE 

The computer time required to perform backcalculation for 
a single deflection basin depends on the complexity of the 
problem, the efficiency of the convergence scheme, and the 
type of computer. For most iterative-type backcalculation 
programs, the initial moduli values (or "seed" moduli) given 
by the analyst also affect convergence speed. In general, on 
an IBM-PC type of computer, 30 min to 1 hr or more is needed 
to perform a single backcalculation. This does not include 
time for preparing input data, interpreting the result, or pos
sibly rerunning the backcalculation with modified input data . 
Most highway agencies have limited computer resources, so 
the discussion is based on microcomputers-the most widely 
owned computers in highway communities. 

In both network- and project-level testing, hundreds of 
deflection basins usually must be analyzed. The computing 
time can be prohibitive. Sometimes a few selected "typical" 
deflection basins are backcalculated instead of backcalculating 
every basin. However, the typical basin is difficult to deter
mine, and much information about the variability of pavement 
materials is lost by doing so. Backcalculation of layer moduli 
from every deflection basin measured is desirable . To achieve 
this despite limited time and manpower, two approaches have 
been used. One is to replace the layer elastic solution by a 
simpler and faster scheme (e.g., Odemark's solution, as in 
the ELMOD program). The result is an approximation to the 
layer elastic solution. 
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The other approach is to store many generated deflection 
basins and corresponding layer moduli in a data base. When 
a measured basin is given, the data base can be searched and 
interpolated to find a deflection basin that best resembles the 
measured basin. The corresponding layer moduli are then 
determined. This method eliminates the iteration process and 
greatly speeds backcalculation. The overhead time needed to 
generate the deflection data base is often offset by the saving 
of time in analyzing individual basins when dozens of basins 
must be analyzed. 

One of the data base backcalculation programs is called 
MODULUS (5). MODULUS uses a unique method to reduce 
the size of the data base so that the time to generate it and 
the time to find the solution from it are greatly reduced. 

The generated deflection data base is based on the ratio of 
layer moduli to subgrade moduli; thus the size of the data 
base is reduced by an order. The pattern search algorithm 
developed by Hooke and Jeeves (8) and the Lagrange inter
polation technique (9) are used to find the layer moduli that 
minimize the error between measured and computed basins. 
Figure 1 shows a typical error surface that the MODULUS 
program searches to find the least error. The solution found 
may only be a local minimum, and a global minimum may 
not exist in the given ranges if the problem is not modeled 
correctly. 

MODULUS can backcalculate up to four unknown layer 
moduli (including subgrade modulus) . Backcalculating more 
than four unknown moduli is not recommended because of 
possible nonuniqueness. Furthermore, none of the available 
design methods uses more than four layer moduli. The cal
culated surface deflections and matching errors reported by 
the MODULUS program are obtained by interpolation of the 
pregenerated data base; thus, the values are not exact. Never
theless, the backcalculated moduli compare well with the re
sults of BISDEF, an iterative program that takes much longer 
to run, and MODULUS can essentially reproduce input mod
uli when a forward-calculated deflection basin is given . When 
comparing a backcalculated modulus with laboratory test re
sults, the actual field condition plays an important role. A 
case study is described later. MODULUS is used as the target 
program in the following comparative study. 

COMPARATIVE STUDY OF 
BACKCALCULA TIO NS 

Different backcalculation programs often give different re
sults for the following reasons: 

1. The numerical routine used to calculate pavement sur
face deflections may be different. 

Average Error 
Per Sensor 
(%) 

0.5 

o---<'---~-f'~~-r~~-r-~~--.-.~~-r-~-

El/E3 
Ratio 

0.32 0.56 1.78 3.1.6 S.62 

E2/E3 Ratio 

FIGURE 1 Typical error surface (bars show interpolation points). 
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2. The method of searching for new values of the layer 
moduli may be different. 

3. Some methods try to correct for the stress dependency 
of the layer moduli; others do not. 

4. Criteria for determining convergence (e.g., minimize 
surface deflection matching error) may be different. 

5. Moduli ranges set by individual analysts may be differ
ent. 

It was believed that a comparison of solutions from different 
programs would give an idea of the range of solutions that 
can be expected. Furthermore, it would be interesting to see 
how the experience and knowledge of the individual analyst 
contribute to the range of solutions for identical problems. 
Such an exercise was conducted as an activity of TRB 's Com
mittee on Strength and Deformation Characteristics of Pave
ments. 

A total of 26 deflection basins were included in the study. 
Three types of NDT device (FWD , Dynaflect, and Road Ra
ter 2000) were compared on two pavement sections. Deflec
tions from three FWD load levels were also obtained from 
the same two sections for comparison . The deflection data 
are shown in Tables 1 and 2. 

Four FWD basins were measured on different in-service 
pavement sections, and seven were measured on sections at 
the Texas Transportation Institute (TTI) Pavement Test Fa
cility. In addition, four deflection basins were generated by 
using the layer elastic program BISAR, and four were gen
erated by using the nonlinear finite element program ILLI
PA VE. 

The NDT pavement deflection data , with their thickness 
and material information, were submitted to participating 
pavement research agencies in the United States and Britain. 
They were asked to report their backcalculation results . Thir
teen results, with varying degrees of completeness, were ob
tained. The results were denoted anonymously as those of 
Agency A, B, ... , M. Ten were based on the theory of 
elasticity. The other three , which found their solutions on the 
basis of a layer equivalency concept, used ELMOD . The 
backcalculation procedures used included MODULUS, BIS
DEF, PADAL , ELMOD, ELSDEF, MODCOMP2 , 
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CHEVDEF, and a BISAR-based procedure developed at 
Purdue University . BISDEF and ELMOD were each em
ployed by three agencies, and MODCOMP2 was employed 
by two agencies. 

The backcalculation results indicate a wide dissimilarity 
among agencies. Figure 2 shows the relative closeness of the 
modulus values backcalculated by other agencies to those of 
Agency A . The closer the plotted data are to the diagonal 
line, the more closely the results from the two agencies agree. 
For example , Agency A's results agree well with those of 
Agencies B and C but differ widely from those of Agencies 
G, H, and I. Agencies A, B, C, F , and I employed BISAR
based procedures, whereas Agencies E , 1, and L used EL
MOD . Agencies using the same procedure can produce very 
different results. Figure 2 is intended only to show the size 
of the dissimilarities among agencies . It should not be used 
to judge the success of backcalculation, because the selection 
of Agency A's result as a standard was arbitrary . 

Device Comparison 

The results of backcalculation comparing three NOT devices 
are shown in Table 3. Only three agencies completed this part 
of the exercise. The following observations may be made : 

1. The backcalculated moduli were generally in the " rea
sonable" range for the given layer materials , although the 
values are quite different among NDT devices. 

2. Because modes of loading are different among NDT de
vices , the relationship of backcalculated layer modulus values 
among various NOT devices depends on the individual pave
ment's structure and layer materials. 

3. The three agencies produced similar results for each de
vice . The differences may be attributed to the different mod
ulus range set by individual analysts, because most of the 
backcalculated asphalt concrete layer moduli reached the up
per limits. 

4. The averaged deflection matching errors were larger for 
Test Section 10.1 , which has a thin (1-in .) surface layer, than 
for Test Section 19.4, which has a thicker (5-in.) surface layer. 
This is true for all three agencies , which indicates that the 

TABLE 1 DEFLECTION DATA COMPARING THREE NDT DEVICES 

SECT ION FWD ROADRA TER DYNAFLECT 
LOAD = lOOOlbs Hz = 9 

ID 
L DEFLECTIONS (mils) F L DEFLECTION 
0 R 0 (mil 5) DEFLECTIOll (mils) 
A Radii (inches) E A Radii (inches) Radii (inches) 
D 0" 7. 87" 11.8" 23. 6" 35. 4" 49.2" 63 " q D 0" 12" 24" 36" 0" 12" 24" 36" 

(lb) ( 1 b l 

10 *- 1 9224 14.32 9.95 7 .10 4.15 2. 96 2.22 1.79 10.3 2040 3 .14 1. 7 3 o. 99 0.75 0.81 0. 55 0.39 Q. 29 

19 *- 4 9504 5.5 5.20 4.95 4.23 3.52 2.76 2 .16 10.2 2010 1. 65 1. 27 1.11 o. 96 0.56 0.52 0.45 0.38 

*Refer to TT! PAVEMENT TE ST FACILITY Tables for layer thi ckness es and materials 

l mi l = O. 00 l inch es 



Chou and Lytton 75 

TABLE 2 DEFLECTION DATA COMPARING THREE FWD LOAD LEVELS (SURFACE 
TEMPERATURE = 100°F) 

Section 10•- I 

Deflections (mils) 

~ 0 7.87 11.8 23.6 35. 4 49.2 63.0 

6312 10.04 6. 71 4.62 2.63 1. 96 1.48 1.10 

9224 14.32 9.95 1 .10 4.15 2.96 2.22 1. 79 

14928 21. 97 15.56 11. 76 6. 91 4. 92 3.65 2.89 

Section 19*- 4 

Deflections (mils) 

I~ 0 7.87 11.8 23.6 35.4 49.2 63.0 

6440 3.50 3.32 3.09 2. 71 2.32 1. 75 I. 34 

9504 5.55 5.20 4.95 4.23 3.52 2. 76 2.16 

14848 9.67 9.09 8.54 7.47 6.17 4.78 3.82 

*Refer to TT! PAVEt1ENT TEST FACILITY Tables for layer thicknesses and materials 

1 mil = 0.001 inches 

layer elastic backcalculation procedures have difficulty deal
ing wilh thin urface pavement structures. 

5. Results from Agencies A and B indicate that both base 
and subgradc moduli backcalculated from FWD ction. ar~ 
larger than from Dynaflect. Thi may be anributed to the 
stre ·s-sliffening Hect caused by the higher load f · WD , but 
it was not apparent in Agency C's result. The compensation 
of base and subgrade moduli during backcalculation may pre
vent identification of such a trend . 

Load Comparison 

Results of backcalculations comparing three FWD load levels 
are shown in Table 4. The relationship of backcalculated layer 
modulus values under different load levels depends on the 
individual pavemetll structure and laye r material " For ex
ample. the calcula ted gra nu lar bctse modulu. values of st 
Se tion 10. I are higher at higher load level (stre. s . tiffe11ing , 
wherea. the ·andy clay ubgrade of Test Section 19.4 ha 
deer asing rn()dulu with increasi ng load (stress s ftening). 
Backcalculan!d lime-stabiJized base modulus values of Tc f 
Section 19.4 are lower at higher load levels . The sandy gravel 
(coarse-grained) sub grade of Test Section 10.1 shows a stress
stirn niJlg effect. Different re ults ma be reached for other 

pavement structures, depending on the state of stresses (i.e., 
mean principal stress and deviator stresses) to which the ma
terials are subjected . 

The different load level does not change the averaged de
flection matching error significantly. Again, it is more difficult 
to match measured deflection basins for thin pavement (Test 
Section 10.1) than for thicker pavement (Test Section 19.4). 

Backcalculation of Generated Basin 

Compari ·ons of backcalculated moduli from ge nerated basins 
with moduli used in forward calculations are shown in Figures 
3 to 8. Two forward-calculation methods , BISAR (a linear 
elastic program) and LLLI-PAV • (a nonlinear ela tic finite 
eleme nt program), we re employed to generate the clefl ecti n 
basins. Figures 3 to 5 show the mod uli us cl in Bl AR (t he 
heavy verLical Jin ) compared with the range f value l ack
calculated by each agency. For ILLJ -PA VE, the modulu. 
values at the middle of each layer and under the center of the 
load, obtained by substituting the computed stresses at that 
location into the modulus-stress relationship, are used as the 
basis (Figuses 6 to 8). 

Ideally , backcalculation should reproduce the layer moduli 
used to generate the theoretical basin . However, it can be 
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TABLE 3 NDT DEVICE COMPARISON 

A B c 
(MODULUS) (BISDEF) (BISDEF) 

Seclion 10 1 

FWD 
1"AC E1 300,000 600,000 350,000 
16" Cr Limestone E2 90,000 80,509 93,790 
Sandy Gravel E3 19,600 18,706 17,661 

(7.8%t (6.7%) (6.3%) 

Road Raler 
1" AC E1 300,000 600,000 350,000 
16" Cr Limestone E2 58,800 54,575 51,330 
Sandy Gravel E3 18,800 18,624 1A,qAR 

!4,2%1 (3 7%) (5.1%) 

Dynaflect 
1"AC E1 300,000 600,000 350,000 
16" Cr Limestone E2 37,000 31,442 70,832 
Sandy Gravel E3 11,000 10,879 22,469 

(4.7%) (3.9%) (49%) 

Section 19,4 

FWD 
5" AC E1 1,000,000 1,000,000 700,000 
16" LimeSlabilized E2 375,100 409,642 429,101 
Sandy Clay E3 12,800 12,448 12,513 

(3.8%) (4,7%! (3.5%J 

Road Raler 
5" AC E1 108,600 107,017 700,000 
16" LimeStabilized E2 650,000 655,088 242,896 
Sandy Clay E3 9,900 9,906 9,918 

(0.1%) (0.4%) (3.7%) 

Dyna fie ct 
5" AC Et 130,000 1,000,000 700,000 
16" LimeStabilized E2 232,200 241,983 351,421 
Sandy Clay E3 6,500 6,548 11,884 

{02%) (0.2%) (1 .1%) 

' Numbers in parenthesis are lhe average defleclion matching errors reported by 
each ngoncy 
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FIGURE 3 Comparison of backcalculated asphalt 
concrete modulus with modulus used in forward 
calculation. 
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TABLE 4 FWD LOAD LEVEL COMPARISON 

4 

A· 

B-

C-

0-

E-

F-

G-

H-

I-

J-

K-

L-

A B 
S..ction 10.1 {MODULUS) (BISOEF} 

f l121b 
16" Cr.LS. E2 83,500 75,000 
Sandy Grav E3 20,700 20,060 

(8.0%) {7.1%) 

9224LB 
1"AC E1 300,000 600,000 

16" Cr.LS. E2 90,000 80,509 
Sandy Grav E3 19.600 11!,70fi 

[7.8%) (6.7%) 

h4928LB 
1"AC E1 300,000 600,000 

16" Cr LS. E2 99,800 89,422 
Sandy Grav E3 19,100 18,137 

[7.0%) (6.1%1 

Section 19 4 A B 

64401b 
5" AC E1 1,000,000 1,000,000 

16" LimeSta E2 419,500 456,009 
Sandy Clay E3 13,600 13,244 

(4.9%) (5.4%) 

95401b 
5" AC E1 1,000,000 1,000,000 

16" LimeSta E2 375,100 413,159 
Sandy Clay E3 12,800 12,390 

(3.a%) (4.3%) 

148481b 
S"AC E1 1,000,000 1,000,000 

16" LimeSta E2 330,900 358,206 
Sandy Clay E3 11,300 10,999 

(19%) (4.3%) 

' Did not report deflection matching er<ors 

I 
I 

I 
I 

I 
I 

I 

' 
I 
I 

LOG (MODULUS) 
5 
I 

~H 

I I 
I I 

H 
I 
I 

H 

I 

I 

I 
I 
I 

I 

' 
I 
I 

c 
{BISDEF) 

80,751 
19,220 
18.7%1 

350,000 
85,584 
11,qge 
(8.0%) 

350,000 
93,790 
17,661 
(6.3%) 

c 

700,000 
469,705 

13,402 
(4.5%1 

700,000 
429,101 

12,513 
{3.5%) 

700,000 
374,154 

11,047 
(3.5%) 

I 
I 
I 

FIGURE 4 Comparison of backcalculated crushed 
limestone modulus with modulus used in forward 
calculation. 
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FIGURE 5 Comparison of backcalculated sandy gravel 
modulus with modulus used in forward calculation. 

5 

seen from these figures that the ranges of moduli backcal
culated from theoretically generated deflection basins can be 
large due to different analysis methods and input parameters. 
Several agencies backcalculate accurately from the BISAR
generated basin, particularly the subgrade moduli. Much poorer 
results are obtained, as expected, when backcalculating from 
the nonlinear ILLI-PAVE-generated basins. 

Backcalculation of Measured Basin 

Comparison of backcalculated layer moduli at the TTI Re
search Annex included the following seven materials: asphalt 
concrete, cement-stabilized crushed limestone, lime-stabilized 
crushed limestone, crushed limestone, plastic clay subgrade, 
sandy clay subgrade, and sandy gravel subgrade. The results 
of backcalculation from measured surface deflection basins 
are shown in Figures 9 to 12. No datum value is given in the 
figures for these in situ materials because the correct value is 
unknown. Because each material is present in more than one 
pavement section, a range of backcalculated modulus values 
for the same material is given. Considering the scale factor 
of these figures, it is clear that much smaller (i.e., more con
sistent) ranges are obtained compared with the asphalt con
crete moduli. Agreement of the backcalculated moduli for 
base layer materials (cement-stabilized, lime-stabilized, and 
crushed limestone) is better than for asphalt concrete but 

4 5 
I 

A -

B-

c-

D-

E-

F-

G-

H-

1-• 

J-

K-

L-

LOG (MODULUS) 

6 
I 

~ 

. 

1----1 

. 

H 

.... --I 

. . 

FIGURE 6 Comparison of backcalculated asphalt 
concrete modulus with averaged modulus in ILLI-PAVE 
forward calculation. 
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7 

worse than for subgrade materials. A numerical representa
tion of this observation is shown in Table 5, in which Agency 
A is chosen as the basis for calculating the average absolute 
relative difference (AARD) because of its consistent accuracy 
with the calculated basin. The AARD of backcalculated mod
uli for a specific material is defined as follows: 

AARD i = l 

n 

where 

E~ = the modulus of the specific material backcalculated 
by Agency k at Section i, 

E~ the modulus of the specific material backcalculated 
by Agency a at the same Section i, and 

n = the number of pavement sections that have the spe
cific material in their structures. 

Statistical tests of significance by analysis of variance m
dicate that significant differences exist between several agen
cies. There are significant differences between materials within 
each agency. When results of the three agencies ( G, H, and 
I) that compared poorly with those of other agencies are 
neglected, there are also significant differences between BISAR
and non-BISAR-based methods in average values of AARD. 
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FIGURE 7 Comparison of backcalculated crushed 
limestone modulus with averaged modulus in ILLl-PAVE 
forward calculation. 

6 
I 

Even agencies using the same backcalculation program pro
duce considerably different backcalculated moduli values. This 
can be attributed to the various degrees of experience of and 
differing assumptions used by the individual analysts. Such 
inconsistency shows why the analysis of NDT data is difficult 
for practicing pavement engineers. Unlike researchers, prac
ticing engineers usually do not have the time or resources to 
experiment with the many possible assumptions that may change 
backcalculation results. 

It is difficult to assess the errors in each analyst's results . 
The comparisons show the relative affinities among solutions 
from different agencies. No solution can be considered cor
rect, because each is associated with an error of unknown 
size. However, it is clear that several agencies produced so
lutions that were more reasonable than others, and the same 
agencies performed better in backcalculaliug Lheoretically 
generated deflection basins. Hence, it is reasonable to infer 
that these agencies have better knowledge in backcalculation 
of moduli values than the others. 

The backcalculated moduli should not be expected to match 
the laboratory test results, because in situ field conditions are 
difficult to reproduce in the laboratory. Many of today's pave
ment design procedures (especially the AASHTO Guide) de
pend on laboratory estimates of moduli . Direct use of back
calculated moduli in these procedures can result in a systematic 
error that is not conservative because backcalculated moduli, 
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FIGURE 8 Comparison of backcalculated sandy gravel 
modulus with averaged modulus in ILLI-PAVE forward 
calculation. 

5 

especially for soils, are generally higher than laboratory-based 
resilient moduli. Furthermore, pavement materials often have 
large variations in their properties . Backcalculated layer mod
uli from NDT devices are averaged estimates instead of ab
solute measurements. If cautiously performed, however, lab
oratory results do provide a basis for assessing the reason
ableness of backcalculated moduli. 

NEED FOR EXPERT SYSTEMS IN 
BACKANALYSIS 

Backcalculation programs appear to work well in many cases 
but do not produce good results in others. The reasons for 
this may be summarized into the following two categories. 

First, pavement materials have a wide range of possible 
properties that do not always comply well with the linear 
elastic, homogeneous, and isotropic assumptions used inelas
ticity theory . The loading conditions of some NDT devices 
may be modeled incorrectly. The accuracy of deflection mea
surements may be affected by the accuracy of sensors and 
how they rest on the rough pavement surface. These are prob
lems associated with the mechanistic modeling. 

Second, to backcalculate layer moduli from surface deflec
tions, the thickness of each layer, the Poisson's ratio of layer 
materials, and the depth of the subgrade must be known, or 
at least susceptible to close estimation. The moduli of thin 
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FIGURE 9 Comparison of backcalculated asphalt concrete modulus 
(deflection measured at TTI Pavement Test Facility). 
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FIGURE 11 Comparison of backcalculated crushed limestone 
modulus (deflection measured at TTI Pavement Test Facility). 
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FIGURE 12 Comparison of backcalculated plastic clay modulus (deflection 
measured at TTI Pavement Test Facility). 
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TABLE 5 AARD OF BACKCALCULATED MODULI COMPARED WITH RESULTS OF AGENCY A 

Materials 

Asphalt 
Concrete 

Cement stab. 
Limestone 

Lime Stab. 
Limestone 

Crushed 
Limestone 

Sandy Gravel 

Sandy Clay 

Plastic Clay 

Average 

B 

.263 

.091 

.065 

.249 

.032 

.022 

.044 

.109 

c D E 

.494 6.701 1.890 

.400 .272 .836 

.098 .372 .463 

.157 1. 214 .099 

.083 .428 .606 

. 011 .322 .358 

.083 .475 

.189 1. 398 .709 

surface layers or sandwiched layers are usually difficult to 
obtain, because surface deflections are often insensitive to 
changes in the moduli of these layers. Changes in the moduli 
of subgrade or other thick layers may mask changes in thin 
layers. These are difficulties resulting from the uncertainty of 
input parameters and the limitations of the basin-matching 
algorithms. 

Any of these nonideal situations may render the results of 
purely numerical backcalculation schemes unreliable. Anal
ysis error may be divided into two types: random and system
atic. Random errors include load and deflection measurement 
errors, variation of layer thickness from mean thickness, and 
spatial variations of material properties. Systematic errors 
include deviation of the theoretical model from actual pave
ment behavior (e.g., using a linear elastic layer system to 
describe real pavement that may be nonlinear, viscoelastic, 
anisotropic, and nonhomogeneous, and using static analysis 
to characterize dynamic impulse loading); incorrectly assumed 
material parameters, such as Poisson's ratios; and incorrectly 
assumed layer thickness and subgrade depth. 

The sizes of random errors may be estimated by replications 
of the test and reduced by averaging over several tests, but 
the sizes of systematic errors are often confounded and dif
ficult to estimate. Some systematic errors cannot be elimi
nated without a better analysis method than current layer 
elastic theory, but some systematic errors can be reduced with 
a better knowledge of actual pavement behavior and limita
tions of the analysis method. The use of an expert system 
technique provides a means to convey the knowledge and 
experience possessed by an expert analyst to a less-experi
enced analyst so that systematic errors are kept to a minimum. 

Sensitivity of Input Parameters 

One of the main reasons for the variation of backcalculation 
results produced by different analysts, given the same back-

Agencies 

F G H I K L 

2.038 .623 20.646 11. 269 7.644 .379 

.586 .393 59 .116 3.178 .140 .217 

.605 .530 15.055 4.101 .188 .867 

.424 .997 259.446 40.290 .914 .292 

.603 .509 .452 .538 .610 .148 

.768 .433 .481 .740 .229 .456 

.484 .393 4.915 .953 .965 .217 

.787 .554 51.444 8.724 1. 527 .368 

calculation program, is the difference in assigning input pa
rameters. Input parameters needed by most backcalculation 
programs include layer thickness, Poisson's ratios, load con
figuration, error tolerance, maximum number of iterations, 
seed moduli, and depth to bedrock. Sensitivity analyses of 
some of these parameters have been conducted by several 
researchers on different backcalculation programs (6,10-12) . 
Results from the studies indicate that, except for seed moduli , 
all these parameters have significant effects on the values of 
backcalculated layer moduli. Surface layer moduli are the 
most sensitive, followed by base and subbase layer moduli. 
Subgrade moduli are relatively stable regarding variation of 
input parameters. The reason for this is the influence of layer 
moduli on surface deflection. This has been pointed out by 
Ullidtz (13): 

The subgrade usually contributes 60 % to 80% of the total 
center deflection. A small error in the determination of the 
subgrade modulus will, therefore, lead to very large errors in 
the moduli of the other pavement layers. 

Layer thickness is one of the crucial inputs that can change 
the backcalculation result drastically. The thinner the layer, 
the more accurate the thickness input must be to backcalculate 
accurate layer moduli. It is prudent to perform a few field 
borings to verify the actual layer thickness. However, layer 
thickness of constructed pavement may vary along the road 
depending on the contractor's quality control and local to
pography. 

Poisson's ratios for pavement materials are seldom deter
mined from experiment; they are usually estimated. Poisson 's 
ratios of unbound materials are not well defined and may be 
different because of different confining pressure, moisture 
content, and gradation. 

The load configuration depends on the NDT device being 
used and can affect the backcalculation results significantly. 
A uniformly distributed circular load is usually assumed. 
However, the actual loading applied to the pavement surface 
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may not be uniformly distributed and depends on the relative 
rigidity of the loading plate and surface layer. 

A small error tolerance is usually better in obtaining an 
accurate backcalculation result, but a very small error toler
ance may prevent convergence to a solution, particularly when 
backcalculating from a measured deflection basin, as has been 
explained previously. A small error tolerance must be accom
panied by a larger number of allowed iterations, which can 
increase the time required to backcalculate each basin. The 
analyst must compromise between accuracy and efficiency of 
backcalculation. 

The depth to bedrock can have a significant effect on the 
resulting backcalculated moduli, especially when the depth is 
shallow (e.g., less than 20 ft). The depth to bedrock can vary 
considerably according to local topography. If the assumed 
depth to bedrock is substantially different from the actual 
depth, backcalculation usually results in large errors in match
ing the surface deflections. 

Role of Judgmental Knowledge 

Results from the comparative study also indicate that analysts 
with specialized knowledge can often produce similar and 
more reasonable results than less-experienced analysts. When 
these "experts" encounter deflection basins that do not give 
reasonable layer moduli through backcalculation, they usually 
make judgments of the validity of assumptions, correctness 
of input, and usefulness of results on the basis of their knowl
edge. This knowledge may be gained from experience with a 
particular pavement section, research reports, textbooks, gen
eral experience, common sense , and engineering rules of thumb. 
These sources of knowledge are often called upon during 
analysis, especially when results from numerical backcalcu
lations do not seem reasonable and when input parameters 
must be estimated. 

Drawing on expert knowledge during routine pavement 
structural evaluation or overlay design requires easy access 
to expertise. Development of expert system technology has 
made possible the capture of specialized knowledge and the 
incorporation of this knowledge into numerical computation 
schemes. An expert system can assist pavement engineers in 
analyzing pavement deflections and obtaining effective layer 
moduli for evaluation and design purposes (14,15). 
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STRUCTURE OF A BACKCALCULATION 
EXPERT SYSTEM 

The knowledge in a backcalculation expert system may in
clude the following: 

1. General knowledge of the properties of paving mate
rials-for example, the possible range of modulus values and 
Poisson's ratios for particular types of material, nonlinearity 
(stress dependency), the effect of temperature on asphalt layer 
modulus, and the effect of moisture on base and subgrade 
moduli; 

2. General knowledge of pavement structures, such as var
iation of layer thickness resulting from construction practices 
and the possible depth to bedrock according to local topog
raphy; 

3. Knowledge of pavement behavior-for example, that 
deflections under or closer to the load are influenced more 
by the upper layer modulus, whereas deflections at greater 
distances from the load are affected more by the subgrade 
modulus; that moduli of thin layers usually have a small in
fluence on the surface deflection; that the effect on surface 
deflections of a soft layer under a much stiffer layer (e.g., a 
flexible subbase under a cement-stabilized base) is often masked 
by the stiffer layer; and that stabilized layers may have warp
ing induced by a temperature gradient; 

4. Knowledge of the backcalculation computer program
for example, the sensitivity of input parameters, assumptions 
and limitations of the mathematical model, accuracy of the 
numerical solution of the model, and accuracy and sensitivity 
of the numerical search scheme; 

5. Knowledge of the sources and approximate sizes of er
rors introduced because of instrumentation, differences be
tween the model and reality, and the search scheme; and 

6. Knowledge of the variability of paving material prop
erties. 

The knowledge may be separated into two parts: a pre- and 
a postprocessor. Figure 13 shows a general flow diagram of 
the backcalculation process assisted by an expert system. De
tails of the knowledge stored in the pre- and postprocessors 
will be reported in another paper. 

Although expert judgment may be useful in providing gen
eral guidelines, it cannot substitute for essential data . The 

Expert System 
PASE LS 

~¢> User Supplied 
Information 

FIGURE 13 Concept of using expert systems in backcalculation. 
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availability and accuracy of input data such as layer thickness 
and depth to bedrock are still critical to the success of back
calculation. The preprocessors, however, may help to esti
mate reasonable input data that are not available from mea
surement or that are judgmental. 

The results of the expert system analysis should be viewed 
as a probable estimation rather than as a "correct" solution. 
Improvements in backcalculation procedures, such as better 
constitutive relationships, more accurate modeling of dynamic 
loading, and so forth, may provide more accurate solutions 
than those of expert systems. 

SUMMARY 

Pavement layer materials are characterized by their elastic 
modulus, which can be estimated from surface deflections 
through backcalculation. A comparative survey of backcal
culation procedures was conducted. The major findings are 
as follows: 

1. Results from algorithmic backcalculation methods must 
be examined carefully for correctness. Large discrepancies 
may be found among different analysis methods and among 
different analysts. 

2. Differences in input parameters may produce signifi
cantly different backcalculation results. Some parameters (e.g., 
subgrade depths and Poisson's ratios) are seldom measured; 
the analyst's judicious estimates must be relied on. 

3. Backcalculated surface layer and base layer moduli are 
usually less reliable than backcalculated subgrade moduli. 

4. An automated basin-by-basin scrutiny of backcalculation 
results can be achieved through the use of expert systems. 

5. Knowledge and experience of pavement experts can be 
acquired and stored as rules in a knowledge base. A knowledge
based expert system can help perform mechanistic analysis by 
modeling the pavement structure more accurately and by rec
ognizing possible errors in the results. 

6. The use of expert systems reduces the expertise required 
to perform a difficult and tedious task and enables pavement 
experts to devote their time to more creative work. 

7. Further improvements in backcalculation methods are 
needed. 
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Comparison of Dynamic and Static 
Backcalculation Moduli for 
Three-Layer Pavements 

CHENG LING ONG, DAVID E. NEWCOMB, AND RAJ SIDDHARTHAN 

Deflection data collected from the falling weight deflectometer 
(FWD) have mostly been analyzed by using the static layered 
elastic analysis method. Analysis might be improved by including 
dynamic effects, such as inertia, damping, and resonance. Results 
from a finite element backcalculation program developed to ac
count for these factors are discussed. The program can perform 
both static and dynamic backcalculation analyses. Dashpots or 
dampers are installed at the boundary nodes (bottom and lateral) 
to simulate half-space conditions, thus avoiding the need to spec
ify a rigid base (say at 20 ft) at the bottom of the subgrade. Such 
dashpots absorb propagating waves in the dynamic analysis, thus 
preventing wave reflection off the rigid boundary. Backcalcula
tion results computed from two existing methods and the pro
posed method using FWD data obtained at four sites in Nevada 
are compared. The results indicate that the moduli of the asphalt 
layers are not affected by the type of analysis (static or dynamic) 
for any of the sites. Lower base and higher subgrade moduli were 
consistently computed in the dynamic analysis compared with the 
static analysis. 

Backcalculation of layer moduli from dynamic deflection mea
surements is becoming an accepted means of estimating in 
situ material properties (1). This is commonly done by match
ing deflections measured under a known dynamic load with 
theoretical deflections generated in an analytical model of the 
pavement by varying the elastic moduli of the layers. Most 
backcalculation procedures use linear elastic layered models. 
Though such models are simple and useful, they have limi
tations. One major limitation is that the applied load is as
sumed to be static. This is not the case in modern deflection 
testing where an impulse load is used. 

According to previous research (2 ,3), dynamic instead of 
static analysis should be performed on nondestructive testing 
data obtained through dynamic loading. Pavement deflection 
under a static load is different from that under a dynamic or 
impulse load because of viscoelastic pavement properties and 
dynamic effects such as inertia, damping, and resonance. Dy
namic analysis would therefore provide a more accurate es
timate of the pavement modulus from backcalculation. 

PAST RESEARCH USING DYNAMIC ANALYSIS 

One of the more recent and well-known research efforts using 
dynamic analysis was performed by Mamlouk (2 ,4). The elas-

C. L. Ong, Texas Research and Development Foundation, 6811 Ken
ilworth Avenue, Suite 230, Riverdale, Md. 20737. D. E . Newcomb, 
University of Minnesota, Minneapolis, Minn. 55455. R. Siddharthan, 
University of Nevada, Reno, Nev. 89512. 

todynamic method was used to calculate the deflection of 
pavement subjected to cyclic (road rater) loading. That model 
has a rock or rigid layer at some depth (about 15 ft) in the 
subgrade. Roesset and Shao (5) determined that the rigid 
layer has to be located at least 70 ft from the surface to prevent 
boundary effects for a dynamic analysis. Mamlouk's research 
also included material and radiation damping in its elasto
dynamic analysis. (The characteristics of radiation damping 
will be discussed later.) The viscoelastic theory determines 
the change in strain of a material under load with time. 

Roesset and Shao (5) also studied pavement response using 
dynamic analysis and determined that calculated deflections 
are different from those in static analysis. However, theirs 
was not a backcalculation model and did not provide modulus 
values for the pavement layers. 

OBJECTIVE OF RESEARCH 

The major objective of this paper is to show the difference 
in backcalculated moduli between dynamic and static analyses 
using falling weight deflectometer (FWD) data. A dynamic 
backcalculation program that can closely simulate the FWD 
impulse load and perform analysis for a three-layer pavement 
has been developed. The program, called FEDPAN, uses the 
finite element method and can simulate the behavior of the 
pavement under the FWD load. It includes both the effect of 
pavement inertia and damping in the dynamic analysis and 
can perform static backcalculation analysis. One of the major 
advantages of a finite element-based analysis is that the non
linear material property characterization can be easily incor
porated in the study. Such a study is currently under way. 

APPROACH TO PROGRAM DEVELOPMENT 

The Structural Analysis Program IV (SAP IV) (6), a widely 
used and accepted linear finite element program, was used as 
the base program in FEDPAN to calculate theoretical de
flections. SAP IV can perform axisymmetric and other types 
of analyses. The axisymmetric analysis was chosen for FED
p AN because of the symmetrical deflection basin due to the 
FWD load. The response of an axisymmetric problem can be 
obtained by analyzing only a radial section. This type of anal
ysis also greatly reduces memory requirements and computing 
time. To further reduce the mesh size, dashpots or dampers 
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were added to the model to absorb radiating waves created 
by the FWD loading. 

The purpose of installing dashpots at boundary nodes is to 
reduce the size of the finite element domain that should be 
discretized. A smaller domain reduces the number of ele
ments, which in turn reduces the memory storage and com
putation time required. The dashpots located at the boundary 
absorb the radiating waves [P waves (compression waves) and 
S waves (shear waves)] caused by the impulse loading. This 
viscous boundary simulates the presence of similar pavement 
layer materials beyond the boundary and gives the effect of 
a continuum layer for the waves to propagate away from the 
source, even though the actual discretized domain is small. 
Without the dashpots, the waves reflect off the rigid boundary 
and back into the domain. The boundary dashpot character
istics depend on wave velocities, material properties, and the 
area of the boundary elements. The relationships are as fol
lows (7): 

Dashpot forces 

Here, 

stress = p vc/,wn/t 

where 

stress (compression or shear) 

* area of element 

p = mass density of element, 
Ve,, = compression or shear wave velocity, 
w"'' = normal or tangential wave velocity, 
Ve = (G/p) 112

, 

V, = (1/S)Vc, 
G shear modulus, 
S [(1 - 2v)/2(1 - v)JL12, and 
v - Poisson's ratio. 

(1) 

The dashpots are used to simulate a continuum condition, but 
they can be removed to simulate the presence of a rigid or 
rock layer. 

The dynamic analysis is performed in the time domain in
crementally. This method is suitable for impact loading prob
lems in which the time of lo;;iding is short. In the dynamic 
analysis with dashpots, the equation of motion is 

[M].X + ([CJ + dashpots)i + [K]x = F(t) (2) 

where 

[M] mass matrix, 
x acceleration, 

[CJ Rayleigh damping matrix, 
i = velocity, 

[K] stiffness matrix, 
x displacement, and 

F(t) applied force as a function of time. 

The Rayleigh damping matrix used in Equation 2 will be 
explained in the next section. The closure algorithm used in 
this program is the CHEVDEF algorithm (8), which is used 
in many other backcalculation programs. 
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CHARACTERISTICS OF PHYSICAL MODEL 

In this study, the finite element pavement mesh is made up 
of four node rectangular elements, as shown in Figure 1 (top). 
The nodes at the boundaries of the mesh are either fixed 
(hinged) or on rollers. None of the fixed nodes at the bottom 
boundary can move, either vertically or laterally, which sim
ulates a rigid boundary. The right and the left boundary nodes 
are on rollers and can move vertically but not laterally. Figure 
1 (bottom) indicates that dashpots are installed at these 
boundary nodes except for the left boundary, because of the 
axisymmetric loading. For clarity, only the dash pots that ab
sorb compressional waves are shown in the figure. A boundary 
with dashpots installed at the nodes will be referred to as a 
viscous boundary, and fixed nodes at the bottom nodes, which 
simulate the presence of a rock or rigid layer, will be referred 
to as a rigid boundary. The zone of influence at the surface 
caused by a load is typically 10 to 12 times the radius of the 
footing (the radius of the FWD loading plate is approximately 
6 in.), and, therefore, the right boundary of the mesh was 
located approximately 15 ft (30 times the radius) to the right 
of the load. Deflections were recorded on the surface of the 
pavement at 0.0, 7.9, 11.8, 23.6, and 39.4 in. from the center 
of the load, which correspond to the locations of geophones 
in the field test. 

Though FEDPAN can estimate moduli of a three-layer 
pavement, the pavement layers can be subdivided into thinner 
layers, up to a total of eight. Memory allocation in the pro
gram can be increased to accommodate more sublayering, if 
required. 

The FWD impulse loading curve is simulated in the model 
by using a Haversine equation. With this equation, the nodes 
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under the FWD loading plate will experience a change in load 
with time. The FWD load is spread over the plate, and the 
nodal forces are computed on the assumption of uniform stress 
distribution under the plate. This type of stress distribution 
is commonly used in foundation engineering. The duration of 
the simulated impulse loading is 30 msec, with peak load at 
15 msec. The response of the pavement is observed for 90 
msec. Any peak in deflections during the 90-msec period is 
recorded. This ensures that delays in peak deflections at the 
nodes due to damping or other dynamic effects of the pave
ment are accommodated. The material damping used in the 
model is characterized by the Rayleigh damping equation, 
which gives the damping matrix as a sum of mass and stiffness 
proportional components: 

(CJ = o.(M] + 13(K] (3) 

where 

[CJ Rayleigh damping matrix, 
o. - mass proportional coefficient, and 
13 stiffness proportional coefficient. 

In FEDPAN, the mass proportional coefficient is set to 
zero. When o. is zero, undesirable high-frequency components 
of the response will be filtered out [see Figure 2 (9)]. 

VERIFICATION OF COMPUTER 
PROGRAM-FEDPAN 

To test the FEDPAN program, pavement moduli values ob
tained after a few iterations with FEDPAN were used in the 
original SAP IV. The programs produced the same deflection 
results, as expected. The tests were performed for both the 
static and dynamic analyses. The computed static stress and 
deformation results were checked against classical solutions 
available in the literature (10), and the responses observed 
were similar. 

The values of the dashpot coefficients generated by the 
program were also verified by hand calculations. To check 
whether the dashpots were working correctly, the dashpot 
coefficients of the bottom boundary were gradually increased. 
The surface deflections of the pavement model decreased and 

Angular Frequency 

FIGURE 2 Rayleigh damping (9). 
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approached the deflections obtained using a rigid layer, as 
shown in Figure 3. This indicates that the dashpots were func
tioning correctly. Researchers also concluded that these types 
of dashpots are good absorbers for both harmonic and non
harmonic waves (6). 

FEDAT, an input data generator program, was written to 
help create the data file for FED PAN. FED AT generates the 
nodal coordinates and other data required in the backcalcu
lation. It is interactive and prompts for layer thicknesses and 
number of sublayers in each layer. It also prompts for the 
type of analysis (static or dynamic) and generates dashpots 
for the dynamic analysis if so desired. The 13 value used in 
material damping and other material properties are specified 
by the user. Stress values in any element or in rows of elements 
can be determined if they are requested by the user. Hundreds 
of input items required to set up any finite element-based 
analysis are therefore reduced to a minimum by FEDAT. This 
substantially reduces extensive and, often, time-consuming data 
preparation. 

LIMITATIONS AND ASSUMPTIONS 

In FEDPAN, the pavement materials are assumed to be ho
mogeneous and isotropic in each layer. FEDPAN performs 
only a linear analysis, even though behavior in the unbound 
pavement materials may be nonlinear. An effort to incor
porate nonlinear analysis into FEDPAN is currently being 
made. The material damping ratio (0 in this study was as
sumed to be 5 percent, a value commonly used in pavement 
response analysis (2). This may be achieved by selecting the 
13 value used in Rayleigh damping by the following equation: 

(4) 

where 

~ = critical damping ratio, 
w" = natural angular frequency = 2Tif, and 

f = fundamental frequency of the pavement (Hz). 

The fundamental frequency of the pavement was assumed 
to be 14 Hz. The fundamental frequency of the pavement 
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structure is a function of structural mass and stiffness. Re
searchers showed that typical pavement sections with 20 ft of 
subgrade have fundamental frequencies in the vicinity of 14 
Hz (2 ,3). On the other hand, if the fundamental frequencies 
for the test sections are known, they can be used in Equation 
4. 

Other assumptions used in this study, such as unit weights 
and initial guess moduli (seed moduli), are given in Table 1. 
The procedure adopted uses an overall damping ratio of 5 
percent for the pavement section. On the other hand, if evi
dence exists that damping in the asphalt layer is substantially 
different from that in the bottom layers, the damping matrix 
can be constructed element by element using the steps out
lined by Idriss et al. (11). They generated a damping matrix 
for seismic soil response studies that takes into account the 
variable damping in soil elements. 

Observations of trial tests showed that the CHEVDEF (8) 
closure algorithm used in this program is not very sensitive 
to the seed moduli or the maximum and minimum moduli 
range, as long as the moduli calculated fall within the range. 
Lee (12) reported that the backcalculation program EVER
CALC (layered elastic program), which he developed, showed 
the same lack of sensitivity. The upper limit of the layer 
moduli values has been selected to be quite high, but this 
does not affect the computed results. The algorithm will con
verge as long as the field data are good . If the percent sum
mation of the absolute differences between the calculated and 
the measured deflections is less than or equal to 6 percent 
(tolerance), convergence in the backcalculation procedure is 
achieved. When this happens , the assumed moduli values are 
considered the corresponding pavement layer modulus. 
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TEST SITE DESCRIPTION 

The sites used in the study are located in Nevada. FWD tests 
were performed by the Nevada Department of Transportation 
(NDOT) using a Dyna test 8000 FWD. Initially, five sites were 
chosen for the study, but one site was dropped when layer 
thickness data from the construction record were found to be 
questionable. The remaining four were Sites 11, 12 , 16, and 
31. The thickness profiles for these sites are shown in Table 
2. Deflections used in the backcalculation were obtained on 
the same marked spots during different seasons. 

RESULTS AND ANALYSIS 

The results obtained are subject to the limitations and as
sumptions described earlier. The results also do not reflect 
the stress sensitivity of the unbound materials. Three back
calculation analyses were performed using FEDPAN: static 
analysis with rigid boundary, dynamic analysis with rigid 
boundary, and dynamic analysis with viscous boundary. 

Parametric Tests 

Two parametric tests were conducted using FEDPAN with 
data from Site 12. The first was to determine the thickness 
of elements to be used in the subgrade. The moduli values 
calculated for four equal sublayers in the 240-in. subgrade 
were compared with the moduli values calculated for six equal 
sublayers using the same 240-in. subgrade for all three meth
ods of analysis. The results are presented as ratios of moduli 

TABLE 1 MATERIAL PROPERTIES USED IN STUDY 

Layer 1 Layer 2 Layer 3 

Maximum (psi) 5,000,000 500 , 000 250 , 000 

Minimum (psi) 100,000 2,000 2,000 

Poisson's 
Ratio 0.35 0.35 0 . 40 

Seed Moduli (psi) 500,000 25 , 000 20 , 000 

Unit Weight (lb/ft3) 144 125 115 

TABLE 2 PAVEMENT PROFILES FOR TEST SITES 

Site Thickness (inches) No. of Layers 

AC Base Sub grade AC Base Sub grade 

11 4 . 25 11 . 00 240 . 00 1 1 4 
12 8 . 25 16.00 240.00 1 1 4 
16 9 . 75 11.00 240.00 1 1 4 
31 16.25 13 . 00 240.00 2 1 4 
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in Figure 4. The ratios were obtained by dividing the pave
ment layer moduli by the corresponding moduli computed 
with the six-layer characterization for the subgrade. 

Figure 4 indicates only a small difference in moduli given 
by the static analysis in both the four- and six-layer sublayering 
of the subgrade, and the difference in moduli using dynamic 
analysis with dashpots was even smaller. The dynamic analysis 
with rigid bottom yielded the greatest difference, up to 12 
percent in the base. 

This test showed that the 240 in. of subgrade can be divided 
into four sublayers and still provide a good estimate compared 
with division into six sublayers, which requires more com
putation time. 

The second parametric test determined the influence of the 
location of the bottom boundary. Moduli values computed 
for all three layers by FEDPAN for subgrade thicknesses 
(D,'s) of 240 and 120 in. (both with four equal subgrade sub
layers) were compared. Figure 5 shows the ratio of moduli 
values normalized using the moduli values computed with 120 
in. of subgrade. Figure 5 indicates that the modulus of asphalt 
concrete (AC) is not affected by either the location of the 
rigid bottom or the type of analysis. However, the moduli 
values of base and subgrade were substantially affected. 

AC Base Subgrade 

=static =Dynamic RB =Dynamic VB 

FIGURE 4 Sensitivity of backcalculated moduli to 
sublayering of subgrade (RB indicates rigid boundary; VB 
indicates viscous boundary). 
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AC Base Subgrade 

= Static IS:SIDynamic RB =Dynamic VB 

FIGURE 5 Sensitivity of backcalculated moduli to subgrade 
thickness (RB indicates rigid boundary; VB indicates viscous 
boundary). 
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The static analysis with rigid boundary at 120 in. in the 
subgrade indicated a stronger base and a weaker subgrade. 
The dynamic analysis with rigid boundary showed the same 
trend. On the other hand, results from the dynamic analysis 
with dashpots (viscous boundary) indicated the opposite trend. 
After the parametric tests, the location of the bottom bound
ary was set at 240 in. in the subgrade with four equal sublayers 
in all subsequent analyses. 

Backcalculation of Field Test Results 

The backcalculation was performed for the static analysis, 
dynamic analysis with viscous boundary, and dynamic analysis 
with rigid boundary using the FWD data collected by NDOT 
for the selected sites. Results obtained were averaged for Sites 
11 (two seasons), 12 (four seasons), 16 (three seasons), and 
31 (two seasons). Comparisons between the different analyses 
are shown in Figures 6 through 10. The ratio method of com
parison was used in order to evaluate the effects of the dif
ferent analyses without addressing seasonal effects, even though 
the strength of the pavement layers varies with the season. 
For all three analyses, an examination of the backcalculated 
moduli results obtained for different seasons indicated that 

AC Base Subgrade 

=Site 11 =Site 12 i= Site 1 6 E:l:SI Site 31 

FIGURE 6 Ratio of moduli for dynamic viscous boundary to 
moduli for dynamic rigid boundary. 

AC Base Subgrade 

=Site 11 =Site 12 =Site 16 E:l:SI Site 31 

FIGURE 7 Ratio of moduli for dynamic rigid boundary to 
moduli for static analysis using FEDPAN. 
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FIGURE 8 Ratio of moduli for dynamic viscous boundary to 
moduli for static analysis using FEDPAN. 

the same trend existed, so the results were averaged and 
reported. The average percent difference for the backcalcu
lated results (last iteration) and the average number of iter
ations used to reach convergence are given in Table 3. 

Comparison of Results for Dynamic Viscous 
Boundary and Dynamic Rigid Boundary 

Figure 6 compares dynamic backcalculated moduli values for 
viscous and rigid boundary models. The figure indicates that 
the AC moduli were not affected by the inclusion of dashpots 
at the boundaries at any of the sites. In particular, the asphalt 
moduli at Sites 16 and 31 (with thick AC layers of 9.75 and 
16.2 in., respectively) were not significantly affected by the 
presence of dashpots. But for base and subgrade layers, the 
backcalculated moduli values were substantially affected by 
the backcalculation procedure, except at Site 16. 

Comparison of Dynamic Results with Static Results 

Comparisons of results obtained using FEDPAN for the two 
dynamic analyses and the static analysis are presented in Fig
ures 7 and 8. Again, the static and dynamic analyses yield 
very similar res1,1lts in the estimate of AC modulus. However, 
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FIGURE IO Ratio of moduli for FEDPAN (static) to moduli 
for ELMOD. 

the subgrade and base moduli values can be substantially 
affected by the type of analysis. These results indicate that 
the static backcalculation procedure, which neglects inertia 
and other dynamic effects, may lead to an underestimation 
of the subgrade moduli. The base moduli, on the other hand, 
may be overestimated by the static analysis. 

TABLE 3 AVERAGE CONVERGENCE RESULTS FOR 11 DEFLECTION SITES 

EVERCALC 

FED PAN 
Static 

Dynamic 
Rigid Boundary 

Dynamic 
Viscous Boundary 

Iteration Difference ( % ) 

3.0 3.47 

3.0 4.17 

3.3 4.12 

3.2 3.26 
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Comparison of FEDPAN Results with EVERCALC 
and ELMOD Results 

Figure 9 compares the results obtained from dynamic analysis 
with viscous boundary and EVERCALC (12). Moduli ratios 
of FEDPAN (static) to ELMOD (which uses the Equivalent 
Thickness Method} are shown Figure 10. In general, the two 
figures indicate that the backcalculated moduli are quite dif
terent. The base modulus is overestimated by both EVER
CALC and ELMOD when compared with FEDPAN, and the 
subgrade modulus estimates vary. The main reasons are the 
differences in the methods of analysis and the assumptions 
used by the backcalculation programs. In the case of FED
PAN, when the rigid bottom boundary option was used, the 
rigid bottom was located at a depth of 20 ft into the subgrade, 
whereas EVERCALC can consider only a semi-infinite 
sub grade. 

CONCLUSIONS AND RECOMMENDATIONS 

This paper describes a dynamic model (FEDPAN} for back
calculation of FWD deflection data to obtain pavement layer 
moduli values. Dash pots introduced at the bottom and lateral 
right boundaries allow the size of the finite element domain 
to be reduced, providing for efficient analysis. The dashpots 
also reduced the effects of reflection waves by simulating half
space conditions without having to use a rigid boundary at a 
distance from the load (say at 20 ft in the subgrade). The 
conclusions to be presented are subject to the limitations and 
assumptions discussed throughout this paper. The conclusions 
are as follows: 

1. If bedrock (or a stiff layer) exists near the surface, the 
bottom boundary of the mesh can be located there when using 
FEDPAN. If the stiff layer does not exist, the rigid bottom 
boundary may be located at some distance (at least 20 ft in 
the subgrade) with dashpots connected to the nodes. When 
dashpots are provided, the waves that reach the viscous 
boundary are absorbed, and wave reflection does not take 
place. This case represents a semi-infinite subgrade. 

2. The study indicates that four sublayers are sufficient in 
the 20 ft of subgrade when a static analysis or a dynamic 
analysis with dashpots is used. A subgrade. with six sublayers 
can improve the accuracy of the results, especially in the 
dynamic analysis when a rigid boundary at approximately 20 
ft is required. 

3. AC layer moduli were not affected by either the static 
or the dynamic analyses. The sites considered represent dif
ferent combinations of asphalt and base layer thicknesses. The 
thickness of the asphalt layers used in this study varied from 
4.25 to 16.2 in. 

4. The dynamic analysis produced higher subgrade moduli 
and lower base moduli than the static analysis. For pavements 
with thick asphalt layers, the dynamic analysis produced much 
higher subgrade moduli. However, because of the thick as
phalt layers at Sites 16 and 31, further research is recom
mended to determine whether the reading from the outermost 
sensor can adequately represent the stress experienced by the 
sub grade only, and not a combination of stresses from other 
layers. 
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5. When the dynamic backcalculation analysis with viscous 
boundary was performed , the computed subgrade moduli val
ues were higher and the base moduli values were lower than 
those computed by the dynamic analysis with rigid boundary 
or the static analysis. 

6. The results obtained from two static analysis programs, 
one with FEDPAN and another with EVERCALC, con
firmed that the location of a rigid boundary is extremely im
portant. Comparison of the two analysis programs ELMOD 
and EVERCALC indicated that different programs and meth
ods of analysis can produce quite different results. 

7. Limitations of the proposed method include the inability 
to model nonlinear soil properties and lateral variation in 
moduli values, which should be overcome in future models. 

8. Comparisons of the backcalculated moduli from FED
p AN with the pavement moduli obtained from laboratory 
tests should also be made. 

ACKNOWLEDGMENT 

This research was made possible by a grant from the National 
Science Foundation. Other financial support was provided by 
NDOT. The authors also gratefully acknowledge Dynatest , 
Inc ., for providing the ELMOD program and the Washington 
Department of Transportation for providing the EVERCALC 
program used in this study. 

REFERENCES 

1. Nondestructive Testing of Pavements and Backcalculation of Mod
uli. Special Technical Paper 1026. ASTM , Philadelphia, Pa., 1988. 

2. M. S. Mamlouk . Use of Dynamic Analysis in Predicting Fie ld 
Multilayer Pavement Moduli . In Trnn portation Re earch Record 
1043, TRB, National Research Council, Washington, D.C., 1985, 
pp. 113-121. 

3. T . G. Davie and M . . Mamlouk. TI1eoretical Re pon eofMul
tilayer Pavement Syste ms to Dynamic Nondestructive cstiog. 
In Tro.11spor1a1io11 Research Rcicortl 1022, TRB , Nntional Re
search Council, Washington, D .C., 1985, pp. 1-7. 

4. B. Sebaaly, T. G. Davies, and M. S. Mamlouk. Dynamics of 
Falling Weight Deflectometer. Journal of Transporration Engi
neering, ASCE, Vol. 111, No. 6, Nov. 1985, pp. 618-632. 

5. J.M. Rocsset and K.-Y. Shao. Dynamic Interpretation or Dy
naflect and Falling Weight Deflcctometer Tests. In Transpona
tion Research Record 1022, TRB, National Research Council, 
Washington , D.C., 1985, pp. 7-16. 

6. K. J. Bathe, E. L. Wilson, and F. E. Paterson. A Structural 
Analysis Program for Static and Dynamic R esponse of Linear 
Systems. Report EERC 73-11. Earthquake Engineering Research 
Center, University of California at Berkeley, Berkeley, 1973 (re
vised 1974) . 

7. J. Lysmer and R. L. Kuhlemeyer. Finite Dynamic Model for 
Infinite Media. Journal of Engineering Mechanics, ASCE, Aug. 
1969, pp . 859- 877. 

8. A. J. Bush III. Nondestructive Testing for Light Aircraft Pave
ments, Phase T: F:valuatinn of Nondestructive Testing Devices. 
Report FAA-RD-80-9. Federal Aviation Administration, U.S. 
Department of Transportation, 1980. 

9. R . W. Clough and J. Penzien. Dynamics of Structures. McGraw
Hill, New York, 1975 . 

10. H. G. Poulos and E. H. Davies. Elastic Solutions for Soil and 
Rock Mechanics. John Wiley and Sons, Inc., New York, 1974. 

11. I. M. Idriss , H. B. Seed , and N. Serff. Sci mic Response by 
Variable Damping Finite E lements. Jo11rn11/ of Geotec/111ical En
gineering , ASCE. Vol . JOO, No. GTI, Jan . 1974. pp. 1-13. 

12. S. W. Lee. lJ11ckcalc11latio11 of Pavement Motl11li by Use of Pave
ment Surface Deflections. Ph.D . di ertation . nivcr ity of Wash
ington, Seattle, 1988. 



TRANSPORTATION RESEARCH RECORD 1293 93 

Advanced Backcalculation Using a 
Nonlinear Least Squares Optimization 
Technique 

N. S1vANESWARAN, STEVEN L. KRAMER, AND JoE P. MAHONEY 

In recent years the analy i of pavement structures has relied 
increasingly on characterizing material properties (such as resil
ient modulus) by use of nondestructive deflection testing and 
backcalculation procedures. An important element common to 
all backcalculation procedures-the technique used to achieve a 
"convergence" of the measured and calculated deflection ba
sins-will be described. A convergence method based on the use 
of nonlinear least squares is described. The method was adapted 
to a layered elastic program (CHEVRON N-layer). This con
vergence approach improves moduli estimates over prior. pro
cedures; however, the most important element 1s the ab1hty to 
efficiently backcalculate not only layer moduli but also layer 
thicknesses. This ability is illustrated by using hypothetical two
and three-layer pavement sections and by using real data for a 
three-layer section. 

In recent years the design and rehabilitation of pavement 
structures has relied increasingly on accurate characterization 
of the mechanical properties of the materials that compose 
them. A number of nondestructive testing techniques have 
been developed to evaluate some of these mechanical prop
erties. The falling weight deflectometer (FWD) method has 
seen widespread use, in large part because of its ability to 
impose dynamic loading on a pavement structure similar to 
the loading imposed by truck traffic. 

Conventional interpretation of the results of an FWD test 
generally involves backcalculation of estimates of the elastic 
moduli of the various layers of the pavement section. Back
calculation procedures seek to define a set of elastic moduli 
that best describe the pavement deflections observed from 
the FWD test in the framework of a particular pavement 
model. A number of pavement models and backcalculation 
procedures have been employed to interpret FWD tests. Some 
of the issues involved in accurate and reliable FWD test inter
pretation are discussed, and a versatile backcalculation pro
cedure that has exhibited improved performance character
istics relative to many previously used procedures is presented. 
This procedure is then extended to allow backcalculation of 
other parameters, namely layer thicknesses, in addition to 
layer moduli. 

In the FWD test, a transient impulse load is applied to a 
pavement surface by a cushioned falling weight. The response 
of the pavement surface is measured at a number of points 
at different distances from the weight. The response is gen
erally measured by velocity transducers, with the velocity time 

Department of Civil Engineering, FX-10, University of Washington, 
Seattle, Wash. 98195. 

history integrated to provide a time history of pavement de
flection. The test may be repeated several times at a particular 
location and the results averaged to reduce random errors, 
or the test may be repeated with different loads to evaluate 
stress dependence of layer moduli. 

For current methods of interpretation of the results of FWD 
tests, the maximum displacement at each velocity transducer 
is used to define a deflection basin, which is interpreted as 
having resulted from a statically applied load. This approach 
discards a great deal of potentially useful information con
tained in the load and displacement signals. Using a solution 
for a layered system of linear, elastic materials and assuming 
that layer thicknesses and Poisson's ratios are accurately known, 
the moduli of the individual layers providing the best agree
ment with the observed deflection basin are considered to 
represent the stiffness of the various materials. 

BACKCALCULA TION 

Problems of backcalculation, sometimes referred to as pa
rameter identification or system identification, are common 
in many areas of science and engineering. Basically, they 
involve situations where an input is transformed by some 
process to an output. An analytical or numerical model is 
used to describe the process. Usually, the input and the output 
are known, and the backcalculation problem becomes one of 
identifying the model parameters. Such methods were formal
ized by electrical engineers who identified model parameters 
for various electrical components by matching a known input 
signal to the component with the measured output signal. 

Backcalculation of FWD Test Results 

In FWD test interpretation, the input is the impulse load 
applied to the pavement surface by the falling weight, the 
output is the measured deflection basin, and the process is 
the mechanical transfer of the kinetic energy of the falling 
weight at the point of impact to the work done in deforming 
the pavement. The input, related to the particular FWD ap
paratus and weight being used, is generally well known. The 
output, expressed in terms of the deflection basin, is measured 
and therefore also known. The process, which is typically 
described by a layered elastic mechanical model, depends on 
model parameters, which include the modulus, thickness, and 
Poisson's ratio of each layer. For most current FWD test 
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interpretation procedures, the layer thicknesses and Poisson's 
ratios are assumed to be accurately known, leaving the layer 
moduli as the only unknown variables. The FWD backcal
culation problem is shown schematically in Figure 1, where 
the layer moduli are contained in the vector E. The problem 
is to find the model parameters that best describe the known 
deflection basin produced by the known FWD load, using the 
layered elastic model. 

Requirements of a Backcalculation Method 

A variety of different methods have been used for backcal
culation of layer moduli in the interpretation of FWD test 
results. In this paper, the term backcalculation will refer to 
the numerical process by which the layer moduli are calculated 
rather than the more broadly defined problem of pavement 
analysis. These methods have ranged from simple, largely 
manual methods to more sophisticated numerical methods. 
To be useful to practicing pavement engineers, a good back
calculation method must possess certain characteristics. 

First, and most obvious, it must be accurate. Satisfactory 
performance of pavement overlays or other rehabilitative 
measures designed by a mechanistic-empirical process de
pends on accurate characterization of layer moduli . Conse
quently, a suitable backcalculation method must be able to 
recognize and correct even small errors in layer moduli in 
order to develop an accurate solution. 

Second, it must converge rapidly. Under production con
ditions the interpretation of large numbers of FWD tests is 
usually required. Under other conditions it is desirable to 
interpret the results of an FWD test in the field immediately 
after its completion. In either case, important decisions often 
must be made quickly on the basis of the backcalculated layer 
moduli. It is therefore important that the backcalculation pro
cedure allow processing of large amounts of data in the short
est possible time. However, in the future, rapid increases in 
computational capabilities resulting from advances in com
puter hardware may allow some sacrifice of computational 
efficiency for robustness or versatility. 

Third, the backcalculation method must be robust-it must 
converge to a correct solution, even under difficult circum-

lnpul Process Output 

I I I 
Energy of Deformation of Deflection 

Falling Weight Pavement Materials Basin 

1 1 1 
Known f(E,h) where Known 

f is known 
but E and h 

are unknown 

FIGURE 1 Schematic view of backcalculation process. 
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stances. Such circumstances arise from errors and uncertainty 
in the measured test results, pavement structures that cause 
the backcalculation problem to be ill-conditioned, and poor 
initial estimates of the layer moduli. 

Fourth, the backcalculation method should be versatile. In 
looking toward the future, it is desirable to base FWD back
calculation on methods that can account for parameters other 
than layer moduli alone. Future FWD backcalculation meth
ods may, for example , use the entire time history of motion 
at each sensor with dynamic modeling to backcalculate dy
namic moduli and damping , as described in a frequency do
main approach by Lytton (J) . The advanced procedure de
scribed in this paper can backcalculate both layer thickness 
and layer moduli simultaneously and is being adapted to in
clude other parameters as well. 

Current Backcalculation Methods 

A number of computer programs have been developed for 
analysis of FWD test results. Many of these programs have 
been patterned after the_ DEF series of programs 
(CHEVDEF, BISDEF) developed by the U.S. Army Corps 
of Engineers (2) . These programs employ a gradient search 
technique for iteration toward the correct set of layer moduli. 
In the formulation used in these programs, a successive linear 
least squares approach is used, taking advantage of empiri
cally linearized model parameters. The linearization of model 
parameters allows a system of simultaneous equations to be 
solved for the layer moduli at each iteration. If the parameters 
were truly linear, only one iteration would be required; how
ever, the linearization is only approximate, so successive it
erations are required to approach the correct solution. This 
approximate linearity simplifies the FWD interpretation prob
lem to the point where satisfactory accuracy and efficiency 
can be obtained for many data sets by a limited optimization 
method. 

A different approach is used by the program MODULUS 
(3) developed at Texas A&M University. Before the actual 
backcalculation process, MODULUS computes a series of 
normalized deflection basins using the BISAR program with 
layer moduli that cover the range of moduli anticipated in the 
field. The number of normalized deflection basins increases 
rapidly with the number of unknown parameters in the back
calculation problem. The deflection basins are stored in a data 
base for subsequent comparison with measured deflection ba
sins. By using this data base, a Hooke-Jeeves pattern search 
algorithm, and three-point Lagrangian interpolation , a rea
sonable set of moduli can be attained quickly. The Hooke
Jeeves algorithm is a direct search technique that relies only 
on function values, neglecting first- and second-derivative in
formation. It can handle nonlinear problems, but it often 
requires significantly more iterations to reach a solution than 
more recently developed nonlinear optimization techniques. 
The approach taken by MODULUS is distinctly faster than 
other approaches for production cases in which many deflec
tion basins in the same pavement geometry are to be evalu
ated . When pavement conditions change , however, the time
consuming task of generating normalized deflection basins 
must be repeated . 

In summary, currently available backcalculation procedures 
seek only to evaluate pavement layer moduli. The accuracy 
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and efficiency of most rely on the empirically observed linear 
dependence of pavement deflection on the logarithm of layer 
modulus. These methods generally perform satisfactorily within 
the limited framework of conventional FWD test interpre
tation. In order to broaden the scope and capabilities of the 
FWD test, however, improved backcalculation procedures 
must be used. 

NONLINEAR LEAST SQUARES OPTIMIZATION 

A nonlinear least squares optimization approach for FWD 
backcalculation problems is proposed in this paper. The non
linear least squares approach has certain advantages over cur
rent procedures for conventional FWD backcalculation, but 
it has many more advantages when viewed in the light of more 
advanced FWD backcalculation procedures. The advantages 
will be illustrated by using the proposed approach to back
calculate layer moduli and layer thickness at the same time. 

Criterion Function 

After selection of a model to represent the system and the 
quantities to be measured, the backcalculation problem can 
be expressed as an optimization problem in which the objec
tive is to estimate a set of model parameters that best describes 
the measured quantities. How well the model describes the 
measured quantities can be evaluated by defining a criterion 
function as a function of the differences between measured 
and model-predicted quantities. The optimization process then 
seeks to minimize the value of the criterion function. Selection 
of the criterion function can strongly influence the accuracy 
and efficiency of the optimization process. 

In backcalculating layer moduli from FWD data, the mea
sured quantities are the pavement deflections at the various 
sensor locations. Hence the criterion function should repres
ent the discrepancy between the measured deflections and 
those predicted by the model. Several criterion functions can 
be defined. For the FWD backcalculation problem involving 
n deflection measurements on a pavement section of M layers 
with unknown modulus and thickness, the most common cri
terion functions can be expressed as follows: 

• Sum of absolute differences: 

1 " 
f(E,h) = - 2: I d f(E,h) - d'[' I 

n i=1 

(1) 
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• Sum of absolute relative differences: 

1 n I d~(E h) - d"' I f(E,h) = - 2: . , Ill I 
n ; ~ 1 d, 

(2) 

•Sum of squared differences: 

1 n 

f(E,h) = - L [di(E,h) - d;"J2 
n i = t 

(3) 

• Sum of squared relative differences: 

1 n [dc(E h) - t/"']2 

f(E,h) = - L I . ' m ' 
n ; ~ 1 d1 

(4) 

where 

df(E,h) calculated deflection at Location i based on E 
and h, 

E {E1> E2 , E3 , •.. , EM} (unknown moduli of the 
layers), 

h {h 1 , h2 , h3 , •• ., hM _1} (unknown layer thick
nesses) , and 

dj" = measured deflection at Location i. 

Each criterion function defined above has its own advan
tages and disadvantages, and the quality of its performance 
is problem dependent. The first two functions are nonsmooth, 
meaning that their slopes are not necessarily continuous, and 
consequently optimization techniques that use first-derivative 
(either analytical or numerical) information cannot be used 
for estimation. This is a major disadvantage , because optimi
zation methods that use first-derivative information often per
form much better than methods that use only function values . 
From a statistical standpoint, the preferred form of the cri
terion function depends on the nature of the random error of 
the measurements, as summarized in Table 1. 

The measured deflections contain errors arising from the 
accuracy of the deflection-measuring system. The specified 
accuracy of most available FWD devices is on the order of 
± 2 percent of the measured deflection for commonly used 
ranges of loading ( 4). The random error can therefore be 
approximated, for criterion function selection, as normally 
distributed with zero mean and a constant coefficient of var
iation. Table 1 indicates that the sum of squared relative 
differences (Equation 4) is the preferred criterion function 
for use in backcalculating layer moduli from FWD data. 

TABLE 1 SELECTION OF PREFERRED CRITERION FUNCTION FORM 

Random Error Charactcri~tics 

Preferred 
Standard Coefficient Criterion 

Distribution ~ Deviation Variation Function 

Laplace Zero Constant Sum of Absolute Differences 

Laplace Zero Constant Sum of Relative Differences 

Normal Zero Constant Sum of Squared Differences 

Normal Zero Constant Sum of Squared Relative Differences 
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Nonlinear Least Squares Optimization Method 

A number of optimization methods are available to minimize 
the sum of squared relative differences, that is, to solve the 
following problem: 

minimize f(E,h) ! I ld~(E h)"' dj"]
2 

n 1 ~ 1 d, 
(5) 

Optimization methods developed for general minimization 
problems, including direct search and quasi-Newton methods, 
can be used to solve this problem. However, methods th at 
take into accounl the special structure of th sum of squared 
relative differences converge ubstantially faster than gene ral 
minimization method . If the rela tive error at Location i i 
represented by 

r;(E,h) 
df(E,h) d~" 

d?l 
(6) 

the criterion function can be expressed, after multiplying by 
the constant n for convenience, as 

n 

f(E,h) L [r,(E,h)]2 (7) 
i = l 

where r = {r1 , r2 , r3 , • . • , r,,}, the relative error (residual). 
Then the gradient of the criterion function is 

Vf = 2Ar (8) 

where A = {Vr1, Vr2 , , •• , Vr,,} , and the Hessian can be 
written as 

" H V~f = 2AA T + 2 L r;'il2r; (9) 
i=l 

The gradient and Hessian are the respective multidimen
sional equivalents of the slope and curvature of a one
dimen ional function. In this formu lation, the first part of the 
Hes ian is known as· soon as the gradient Vf has been eval
uated . Because rTr is being minimized , the rel ative errors are 
often small. Consequently, the second part of the Hessian 
may be negligibly small, so that a good approximaliun lo the 
Hessian may be made by neglecting the second part , which 
gives 

H = 2AAT (10) 

A solution can then be obtained iteratively by incorporating 
the approximated Hessian into the Levenberg-Marquardt al
gorithm (5,6). 

Numerical studies have indicated that the residuals vary 
approximately linearly with the logarithm of layer moduli . 
This behavior can be exp! ited to speed convergence by 
choosing log E; as the paramet r to be determined instead of 
E;. As previously noted , many existing backcalculation meth
ods rely on this behavior; they would not perform satisfac
torily without linearization of this aspect of the problem. Be-
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cause of this linearity , the Vr'f terms are very small (zero if 
the relationship is linear) when layer moduli are the only 
unknowns , and the second part of the Hessian becomes smaller 
yet, further improving the Hessian approximation used above. 
With the nonlinear least squares approach, the structure of 
the selected criterion function allows the Hessian to be easily 
and rapidly approximated, resulting in a more efficient search 
for the parameters that minimize the criterion function . 

The nonlinear least squares approach has two main advan
tages in addition to its ability to handle nonlinear problems. 
First, an optimization method that uses the above approxi
mation to the Hessian will converge much faster than other 
methods. An approximation to the Hessian is obtained as 
soon as the gradient is calculated in each iteration ; other 
nonlinear optimization methods may require several iterations 
to obtain a satisfactory estimate of the Hessian . Second, be
cause 2AAT is always positive definite, the criterion function 
is convex and will have a umque minimum . It should be noted, 
however, that the criterion function is not proven to be con
vex. The claim that the neglected term in the Hessian is very 
small compared with the term retained in the approximation 
is only supported by numerical experiments, and no theoret
ical evahrntion of the claim is possible because of the complex 
nature of the problem. 

VERIFICATION OF NONLINEAR LEAST 
SQUARES OPTIMIZATION APPROACH 

The nonlinear least squares optimization approach meets all 
the requirements of a good backcalculation method and has 
a number of advantages over other methods. The advantages 
were exp! red by incorporating the approach into an existing 
backcalculation program. he LMDIF routine, available in 
the M INPACK colleclion of FORTRAN program developed 
at the Argonne National Laboratory (7), is a well-re tecl non
linear least squares routine that takes advantage of the least 
squares problem structure. This optimization routine was used 
for the studies described in this paper and has been incor
porated into EVERCALC, a layered elastic pavement anal
y i progra m developed for rile Washingto n rate Department 
of Tcansportation. T he revised version of the program 
£YER AL 3.0, and the previou version, EVER AL 
2.0 will be compared in terms of the requirements of a good 
barkcalculation method . 

Accuracy and Efficiency 

The nonlinear least squares optimization approach leads to 
accurate solutions . It can recognize small differences between 
computed and measured deflection basins and make the layer 
modulus adjustments necessary to reduce the differences to 
an acceptable value. However, most other backcalculation 
methods also lead to accurate solutions when error tolerances 
are set at low values, at least when the problem is well con
ditioned and the seed moduli are reasonably close to the actual 
moduli . 

In order to achieve accurate solutions, however, many it
erations may be required . Because of the ease with which the 
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conventional backcalculation problem (i.e., evaluation of layer 
moduli alone) can be linearized, nearly all backcalculation 
methods are reasonably efficient when circumstances are not 
difficult-when errors and uncertainty are minimal, the back
calculation problem is well conditioned, and seed moduli are 
close to the actual moduli. In the absence of these conditions 
the efficiency of backcalculation methods is closely related to 
their robustness. 

Robustness 

The principal advantage of the nonlinear least squares optimi
zation approach for conventional FWD test interpretation is 
in robustness. The approach offers distinct improvements in 
accuracy and speed when the backcalculation problem is com
plicated by errors and uncertainty in deflection measure
ments, very sharp or very small modulus contrasts, or poor 
seed moduli. Because these complications are not uncommon 
in practice, the benefits of using the nonlinear least squares 
optimization approach can be considerable. 

Several sources contribute to uncertainty in the measured 
deflections and thus to uncertainty in the backcalculated layer 
moduli. One of the most common is the limited accuracy of 
the deflection-measuring system of available FWD devices. 
To evaluate the effects of such errors on backcalculated layer 
moduli, a simulation was carried out with the hypothetical 
four-layer pavement system used in a study of measurement 
error effects by Irwin et al. ( 4) and shown in Figure 2. 

In the simulations by Irwin et al., the instrument error was 
assumed to be normally distributed with a standard deviation 
of 1.95 µ,m. The true deflection basin, characterized by six 
deflections at offsets of 0, 8.86, 11.8, 20. 7, 29.5, and 53 .2 in., 
was first computed for the pavement shown in Figure 2 for a 
load of 10,000 lb and a plate of radius 5.9 in. using the CHEV
RON N-layer program. Thirty deflection basins were then 
created by adding randomly generated errors to the computed 
deflections. The layer moduli for each of the 30 deflection 
basins were backcalculated with EVERCALC 3.0. The results 
are presented in Table 2, along with those obtained with 
EVERCALC 2.0 and MODCOMP 2 (4). The mean 
EVERCALC 3.0 moduli were generally somewhat closer to 
the true moduli, but the variability in backcalculated moduli, 
reflected in the coefficient of variation of the modulus for 
each layer, was significantly lower for EVERCALC 3.0. The 
improvement in the performance of EVERCALC 3.0 (small 
in this case) is largely attributed to the robust nonlinear least 
squares optimization routine, though some may be due to 

Asphalt Concrete 3" E = 300 ksi v = 0.35 

' 
Base 6" E = 45 ksi v = 0.40 

Sub grade 12" E= 21 ksi v =040 

Sub grade 00 E= 7.5 ksi v = 0.45 

FIGURE 2 Four-layer pavement structure analyzed by 
Irwin et al. (4). 
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differences in the modeling approaches used in the two pro
grams. 

Versatility 

The nonlinear least squares optimization approach has ca
pabilities beyond those of conventional backcalculation pro
cedures. This versatility is described in the following section. 

ADVANCED BACKCALCULA TION BY 
NONLINEAR LEAST SQUARES OPTIMIZATION 
APPROACH 

All currently available FWD interpretation programs require 
the thickness of each pavement layer to be specified before 
backcalculation. These layer thicknesses can be measured ac
curately from core samples but are usually obtained from 
design and construction records. However, as-built layer 
thicknesses can vary significantly from those described in the 
design and construction records. Measured asphalt thick
nesses have been observed to differ from those in design and 
construction records by up to 128 percent (8). Because pave-

TABLE 2 COMPARISON OF EFFECTS OF MEASUREMENT ERRORS ON 
BACKCALCULATED LAYER MODULI 

MQD~OMP 2 MQduli EVERCALC 2.0 Moduli EVERCALC ;rn MQ2uh 

Actual Mean cov Mean cov Mean cov 
1ucr .t!s.ill .t!s.ill 00 .t!s.ill 00 .t!s.ill oo_ 

AC 300.0 306.0 16.3 290.5 18.6 295.2 12.2 
Base 45.0 44.6 13.2 46.0 13.3 45.5 9.0 

Subbase 21.0 21.3 6.6 20.5 7.3 21.0 4.8 
Subgrade 7.5 7.5 1.2 7.5 1.2 7.5 0.8 
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ment deflections are sensitive to layer thicknesses, even mod
est errors in assumed layer thicknesses can lead to large errors 
in backcalculated layer moduli. 

An advanced backcalculation procedure that uses the non
linear least squares optimization approach has been devel
oped to backcalculate both layer moduli and layer thickness 
from the same set of FWD data. Currently used optimization 
procedures may not be capable of solving such nonlinear prob
lems accurately and efficiently . 

Problem Characteristics 

Some insight into the FWD moduli backcalculation problem 
can be obtained from examination of a simple , hypothetical 
two-layer backcalculation problem . Consider the pavement 
section of Figure 3, in which a 10-in. layer of asphalt concrete 
(AC) is underlain by an infinitely thick suhgrnde. The ;ic:t1rnl 
moduli of the AC and subgrade are SOO and 20 ksi , respec
tively. If the deflection basin predicted for this section by the 
CHEVRON N-layer program is considered the measured de
flection basin, values of the sum of squared relative differ
ences criterion function can be computed for other combi
nations of layer moduli. The values of the criterion function 
for other layer moduli will reflect how close they are to the 
actual moduli. Figure 4a shows contours of the sum of squared 
relative differences criterion function for this hypothetical 
problem with a 10-in . AC thickness . Figure 4b shows the 
sensitivity of the criterion function to the AC layer thickness 
at the actual layer moduli. 

Certain characteristics of the FWD moduli backcalculation 
problem are apparent from Figure 4. The criterion function 
is relatively sensitive to subgrade modulus and relatively in
sensitive to AC modulus. These observations are not unex
pected , because most of the pavement surface deflection re
sults from deformation of the subgrade soils. The size of the 
0.01 criterion function contour [which corresponds to 10 per
cenl root-mean-square (RMS) of the relative error] is also of 
note . It encompasses an AC modulus range of 300 to 800 ksi 
and a subgrade modulus range of 18 to 24 ksi. Clearly, a 
criterion function tolerance of much less than 0.01 or an RMS 
relative error tolerance less than 10 percent is necessary to 
ensure reasonable accuracy of backcalculated moduli. As the 
number of layers in the pavement section increases while the 
number of deflection measurements remains the same, this 
r;inge (i.e ., the volume encompassed by a fixed value of the 

Asphalt Concrete 10" E = 500 ksi v = 0.35 

Subgrade 00 E = 20 ksi v = 0.45 

FIGURE 3 Hypothetical two-layer pavement structure. 

TRANSPORTATION RESEARCH RECORD 1293 

criterion function or the RMS relative error) also increases, 
requiring much tighter error tolerances. The criterion function 
is also sensitive to the thickness of the AC layer. Hence, 
accurate knowledge of layer thickness is necessary for accu
rate backcalculation of layer moduli. This sensitivity of layer 
moduli to layer thickness was well illustrated by Irwin et al. 
(4). 

Illustration of Advanced Backcalculation Procedure 

When the assumed layer thicknesses specified in a conven
tional backcalculation problem are incorrect, the resulting 
backcalculated layer moduli will be incorrect. Whether the 
backcalculated layer moduli are too high or too low will de
pend on whether the layer thicknesses were underestimated 
or overestimated. The effect of such errors can be illustrated 
hy introducing incorrect layer thicknesses into a conventional 
analysis of a pavement section of known properties . The ben
efits of the advanced backcalculation procedure can then be 
illustrated by considering the layer thicknesses as unknowns 
and iterating toward a set of layer moduli and layer thick
nesses that best matches the measured deflection basins . 

Two-Layer Case 

Using the CHEVRON N-layer program, a deflection basin 
was generated for the two-layer pavement section of Figure 
3, which consists of a 10-in.-thick AC layer with modulus 
£ 1 = SOO ksi overlying a subgrade with modulus £ 2 = 20 ksi. 
A 10 percent error in AC thickness could lead to the speci
fication of a 9- or 11-in. thickness in a conventional backcal
culation analysis. Assuming either of these incorrect AC 
thicknesses, a conventional backcalculation procedure would 
converge to an incorrect set of layer moduli. Using EVER
CALC 3.0 with fixed values of AC thickness (conventional 
mode) , a backcalculated AC modulus of 648.2 ksi was ob
tained from four different sets of seed moduli when the AC 
thickness was assumed to be 9 in. Thus a 10 percent under
estimation of AC thickness resulted in a 29 .6 percent over
estimation of AC modulus . When the AC thickness was in
correctly assumed to be 11 in., the AC modulus was hilck
calculated to be 402.6 ksi, again from four different sets of 
seed moduli. The subgrade modulus was accurately predicted 
for all cast:s. Tht: optimization process is shown graphically 
in Figure Sa. The actual solution is represented by the large 
point at the center of the cube, the initial conditions by the 
medium-size points along the edges of the cube, and the con
ditions at the end of each iteration by the small points at the 
kinks in the optimization "paths." As can be seen, the con
ventional mode of backcalculation requires that the optimiza
tion paths remain in the same AC thickness plane, so the 
actual solution cannot be reached. 

The advanced mode of EVERCALC 3.0 was then used, 
starting from the same seed values of layer modulus and AC 
layer thickness, with the AC layer thickness also considered 
an independent variable . The results are shown graphically 
in Figure Sb. The optimization paths converge, in two or three 
iterations, to values close to the actual solution. The numerical 
results are presented in Table 3. In each case, the advanced 
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backcalculation procedure of EVERCALC 3.0 converged to 
the correct moduli for the AC and subgrade layers and to the 
correct thickness of the AC layer. Averaging the modulus and 
thickness values from eight sets of seed values (seed moduli 
and seed thickness) gave differences between the actual and 
backcalculated values of less than 0.1 percent. 

Three-Layer Case 

A similar analysis was performed for the three-layer pavement 
structure shown in Figure 6. This pavement structure con
sisted of 5 in. of AC (£1 = 500 ksi) over 10 in. base material 
(£2 = 40 ksi) over subgrade (£3 = 20 ksi). In the three-layer 
analyses, pavement thickness errors of ± 20 percent were as
sumed. Four sets of incorrect layer thickness assumptions 
were evaluated, corresponding to (h 1, h2) values of (4, 8), (4, 
12), (6, 8), and (6, 12), where h1 and h2 are the AC and base 
layer thicknesses in inches, respectively. Each set was eval
uated once from seed moduli twice as large as the actual 

moduli and once from seed moduli half as large as the actual 
moduli. The sections were analyzed with EVERCALC 3.0, 
first in the conventional mode and then in the advanced mode 
starting from the ending point of the conventional analysis. 
The results for the eight cases are presented in Table 4. Again, 
it can be seen that errors in assumed pavement layer thickness 
resulted in significant errors in backcalculated layer moduli, 
with the exception of the subgrade modulus, when conven
tional backcalculation techniques were used. When the layer 
thicknesses were released as independent variables in the ad
vanced mode of EVERCALC 3.0, the program again con
verged rapidly toward the correct modulus and thickness for 
all layers. Averaging the modulus and thickness values from 
each of the eight sets of seed values gave errors no larger than 
0.3 percent. 

During each iteration, both layer moduli and layer thick
nesses are adjusted at the same time, as shown in Figure Sb. 
Consequently, the increase in the number of parameters re
quired for the advanced approach does not lead to a propor
tional increase in the number of iterations or the total com-
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FIGURE 5 Optimization paths taken by EVERCALC 3.0 during backcalculation of hypothetical two-layer problem: a, 
conventional mode; b, advanced mode. 

TABLE 3 COMPARISON OF BACKCALCULATED MODULI AND LAYER THICKNESS- TWO
LAYER CASE 

~ed Value~ Cakulotec! Values• ~als;y!aled Valu!l§-
Case El E2 h. El E2 RMS Error (%} fil E2 h RMS ErrQr (%} 

1 400 24 9.000 648.2 20.1 O.B 500.0 20.0 10.002 O.Dl 
2 600 24 9.000 648.2 20.1 0.9 501.0 20.0 9.990 0.07 
3 400 1 5 9.000 648.2 20.1 0.8 500.0 20.0 10.002 0.08 
4 600 16 9.000 648.2 20.1 0.9 500.1 20.0 10.001 0.08 
5 400 24 11 .000 402.6 19.9 0.8 500.6 20.0 9.994 0.00 
6 600 24 11.000 402.6 19.9 0.9 501.0 20.0 9.990 0.04 
7 400 16 11.000 402.6 19.9 0.8 500.7 20.0 9.995 0.08 
8 600 16 11.000 402.6 19.9 0.9 500.0 20.0 10.001 0.00 

Average Values 500.4 20.0 9.997 
Error(%) 0.08 o.oo 0.03 

•h fixed at seed value (conventional mode of backcalrulation) 
.. h freed as independent variable (advanced mode of backcalculation) 

Asphalt Concrete 5" E = 500 ksi v = 0.35 

Base 10" E = 40 ksi v = 0.40 

Subgrade 00 E = 20 ksi v = 0.45 

FIGURE 6 Hypothetical three-layer pavement 
structure. 

puting time. In fact , the time required to reach a solution in 
the advanced mode was typically only 10 percent greater than 
in the conventional mode. 

Application to Real Data 

The advanced backcalculation procedure was applied to ac
tual deflection basin data obtained by a Washington State 
Department of Transportation FWD (Dynatest Model 8000) 
at a test site (Milepost 20.85 on SR-11) in northwestern Wash
ington State. AC and base thicknesses were measured at three 
locations in the 1,000-ft-long test section; average values were 
5.2 in. and 28.8 in., respectively . The deflection basin and 
the results of conventional backcalculation by five different 
backcalculation programs were described by Mahoney et al. 
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TABLE 4 COMPARISON OF BACKCALCULATED MODULI AND LAYER THICKNESS - THREE-LAYER CASE 

Seed Values !;;;alculat~ Values• Calrulated Values" 
Case El fil ~ hl h2 El g E3 RMS Error !%l El g E3 hi h2 RMS Error !'7~) 

1 1000 80 40 4 8 696.2 58.7 20.0 0.8 500.7 40.0 20.0 4.995 9.992 O.Dl 
2 1000 80 40 4 12 877.7 39.4 19.9 0.5 500.5 40.1 20.0 4.996 9.985 0.Dl 
3 1000 80 40 6 8 347.1 39.6 20.1 0.5 501.0 404 20.0 4.995 9.990 O.Ql 
4 1000 80 40 6 12 373.4 31.3 20.1 0.2 499.3 40.1 20.0 5.000 9.960 0.06 
5 250 20 10 4 8 696.4 58.6 20.0 0.8 501.3 40.2 20.0 4.981 9.975 0.03 
6 250 20 10 4 12 877.4 39.4 19.9 0.5 496.3 40.2 20.0 5.010 9.861 0.06 
7 250 20 10 6 8 347.2 39.6 20 0 0.5 500.0 40.0 20.0 4.999 10.010 0.02 
8 250 20 10 6 12 373.1 31.4 20.l 0.2 500.0 40.0 20.0 4.996 9.985 0.05 

Average Values 499.9 40.l 20.0 4.997 9.970 
Error(%) 0.02 0.25 0.00 0.06 0.30 

•h fixed at seed value (conventional mode of backcalculation) 
••h freed as independent variable (advanced mode of backcalculation) 

(9). The conventional backcalculation programs used the 
measured AC and base thicknesses to backcalculate moduli 
for each of the three layers . The programs exhibited consid
erable variability in backcalculated AC modulus, ranging from 
518 to 761 ksi with an average of 621 ksi , but much more 
consistent base and subgrade moduli (25 .0 ksi and 26.4 ksi, 
respectively) . The average RMS error at convergence for the 
five programs was 2.7 percent. 

Advanced backcalculation was performed with gross errors 
in assumed layer thickness . Seed thicknesses of 4.0 in. for the 
AC layer (77 percent of measured thickness) and 32.8 in. for 
the base layer (114 percent of measured thickness) were used. 
The results are summarized in Table 5. The advanced pro
cedure iterated to backcalculated thicknesses of 5.4 in. for 
the AC and 26.3 in. for the base and, simultaneously, to 
backcalculated layer moduli of 656, 22, and 27 ksi for the 
AC, base, and subgrade layers, respectively . The RMS error 
for the advanced backcalculation procedure was 0.8 percent. 
The backcalculated thicknesses are in good agreement with 
the measured thicknesses, and the backcalculated moduli are 

in good agreement with those backcalcul ated by the conven
tional backcalculation programs. 

POTENTIAL LIMITATIONS 

The verification of the advanced backcalculation procedure 
described in this paper is based on one real deflection basin 
and two hypothetical pavement sections with calculated de
flection basins. The probability of the parameters backcal
culated with the nonlinear least squares optimization ap
proach being close to the actual parameters increases with 
increasing system overdeterminism (ratio of number of inde
pendent data points to number of unknown parameters). 
Therefore, increasing the number of unknowns by adding 
layer thicknesses to the list of unknown parameters implies 
that additional data points may be necessary, particularly for 
many-layered pavement structures . In the three-layer struc
tures considered here , five unknowns (three moduli and two 
thicknesses) were accurately calculated from deflection basins 

TABLES COMPARISON OF BACKCALCULATED MODULI AND 
LAYER THICKNESS-SR-11 FIELD SITE 

Mnh.od AC lWi! Subgi:ade BMSnmCTd 
ELM OD 518 28 23 1.9 
ELS DEF 550 27 25 5.8 
EVERCALC 2.0 761 23 27 1.2 
JSSEM4 592 25 28 n.a . 
MODCOMP2 686 22 29 1.8 

Average 621 25.0 26.4 2.7 

EVERCALC 4.0 656 22 27 0.8 

Measured Seed Backcalculated 
Thickness Thickness Thickness 

LAy.u .linl .linl Unl 

AC 5.2 4.0 5.4 

Base 28.8 32.8 26.3 
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defined by six deflections. Whereas the advanced backcal
culation procedure worked well in these cases, the effects of 
large measurement errors that may exist in real data on the 
confidence intervals of backcalculated parameters have not 
yet been fully investigated. 

Increasing the overdeterminism of the FWD backcalcula
tion problem (with consequent improvement in confidence 
intervals), however, can easily be accomplished. By repre
senting the stress-dependent layers with more fundamental 
parameters-for example, k, and k2 [from E = k 1(0)k']-the 
data from multiple load drops can be combined in a single 
backcalculation analysis. As an example, consider a four-layer 
system subjected to four load drops. If two parameters are 
necessary to describe the load-dependent modulus for each 
layer except the AC, the total number of unknowns will be 
10, including the thicknesses of the upper three layers. If the 
FWD apparatus is configured to make six deflection measure
ments, u total of 24 independent data points will be generated. 
With 10 unknowns calculated from 24 data points, the back
calculation problem is highly overdetermined and the ad
vanced procedure is likely to converge to an accurate solution. 
Investigation of this approach is continuing. 

SUMMARY 

An improved optimization technique for backcalculating 
pavement layer moduli has been described. The optimization 
technique (nonlinear least squares) can converge to a solution 
more quickly using wide ranges of input data, such as seed 
moduli. Further, the technique can be used to backcalculate 
layer thicknesses. 

Data were presented in Tables 3 and 4 illustrating the effect 
of incorrect layer thicknesses on backcalculated moduli. Clearly, 
the ability to determine both the layer moduli and thicknesses 
represents an improvement in backcalculation technique. 

FUTURE ACTIVITIES 

In an extension of the work described in this paper, an ad
vanced version of EVERCALC, EVERCALC 4.0, will be 
tested on actual field data. The data will include FWD de
flection basins on pavement sections that have heen cored for 
thickness determination and for which the samples have been 
tested in the laboratory for resilient moduli (AC by ASTM 
D4123 and unstabilized base and subgrade materials by a 
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modified triaxial test similar to AASHTO T274). Though 
laboratory resilient moduli do not necessarily represent the 
"true" moduli, this information will allow evaluation of the 
procedure. The ability of the proposed technique to estimate 
depths to rock (rigid) layers and material parameters, such 
as k 1 and k2 [from E = k,(B)k2], for unstabilized layers will 
also be evaluated. The nonlinear least squares optimization 
technique will also be used to examine the minimum number 
of deflection sensors, sensor spacings, and FWD load levels 
necessary to accurately backcalculate both layer moduli and 
layer thicknesses from surface deflections. 
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Relating Deflection Data to 
Pavement Strain 

CARL A. LENNGREN 

Much effort has been made to verify backcalculated moduli based 
on deflections. However, pavement strain is of more interest to 
the pavement design engineer. A comparison ~f recorded strain 
at an instrumented road section with the strain obtained from 
backcalculation based on data from a falling weight deflectometer 
is presented. The agreement bet~een the two ~ethods is good, 
even if the backcalculated mod uh show some discrepancy. 

In mechanistic design the calculated or estimated strain is 
crucial. A common procedure for determining the strain is to 
measure the surface deflection of a pavement with a falling 
weight deflectometer (FWD). The elastic moduli of the pave
ment layers are then surmised and used as input in computer 
programs. . . 

Most evaluation techniques employ backcalculatJon of lin
ear elastic layer analysis programs (e.g., BISAR and CHEV
RON). There are also programs based on finite element ana~
yses, like ILLI-PA VE, that require more input data on s01l 
characteristics and therefore must be used with care (1). In 
either case, to initiate the process, the elastic moduli of the 
pavement layers are assumed, and the resulting deflections 
are compared with the measured ones. Adjustments of the 
estimated moduli are made until the agreement between the 
two deflection sets is within a given tolerance. The strain in 
the matching deflection basin is then taken as the strain ex
erted in the pavement. Algorithms to get the program to 
converge are crucial. Kilareski and Anani (2) pointed out that 
the subgrade is affected by all sensors and adjustments should 
work accordingly. 

There are presently a number of computer programs avail
able for backcalculation-BISDEF, ELMOD, ISSEM4, 
SEARCH, WESDEF, and EVERCALC, to mention a few 
(3-6). Most studies indicate that the £-modulus of the subgrade 
can be readily determined. Bound layers must be sufficiently 
thick to be assessed an appropriate modulus. The unbound 
granular layers appear to be the most difficult to determine. 
Their resilient E-moduli are known to depend on the stress 
and hence the load (7). The stress sensitivity could be deter
mined by using different load levels. Usually, pavements are 
tested with a second load level corresponding to half the stan
dard one (e.g., 50 and 25 kN). 

Most efforts to validate backcalculation techniques have 
compared derived moduli with those obtained in the field (8). 
However, strain should be of much more interest than moduli. 
The Road and Traffic Laboratory in Finland has an instru-
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S-100 44 Stockholm Sweden. Current affiliation: Department ofC1v1l 
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mented asphalt pavement road in operation for studies of 
truck wheel configurations and tires (9). Strain gauges are 
glued to 6-in.-diameter cores, which in turn ar.e glued ba.ck 
into the pavement. Hence, this facility appeared ideal to venfy 
the backcalculated strains from an FWD measurement by 
comparing them with the measured response from the strain 
gauges. 

FIELD MEASUREMENT 

The FWD deflection measurements took place in September 
1989 on a clear, sunny day that allowed the pavement to warm 
up. A pavement temperature range from 15°C to 27°C (59°F 
to 81°F) was achieved by first measuring in the morning and 
then repeating the measurements in the afternoon as the pave
ment temperature peaked around 3 p.m. Thus a wide range 
of asphalt concrete (AC) elastic moduli was obtained. A KUAB 
50 FWD equipped with seven sensors was provided by RST
Sweden. The sensors were spaced 0, 20, 30, 45, 60, 90, and 
120 cm from the center of the loading plate, which had a 
radius of 15 cm. Three load levels were used: 50, 25 , and 12.5 
kN, and each drop was repeated at least once. 

Care was taken to center the loading plate over the strain 
gauge so that the maximum strain would occur under the Do 
sensor. Because the purpose of the facility is to study the 
effect of moving trucks, the sampling is normally triggered 
by the vehicle's breaking a photocell beam. However, the 
FWD is stationary, so the photocell could not be used. In
stead, a lamp on the FWD signaled the initiation of the drop 
to the strain gauge operator, so that the 2-sec-long "window" 
of sampling could be used. 

Measurements were made on AC thicknesses of 8 and 15 
cm . The AC mix consisted of a penetration 80 binder and a 
densely graded aggregate, with a lime filler content of 6 per
cent. The maximum aggregate size was 16 mm. The binder 
content was 5.9 percent. The mix design was the same for 
both thicknesses. Each drop of the FWD was labeled with a 
three-digit number, which is used in the tables and figures 
that follow. 

The unbound base consisted of crushed gravel and sand; 
the maximum aggregate size was 32 mm. The subbase con
sisted of gravel and sand with a maximum aggregate size of 
64 mm. The subgrade consisted of sand, which was well drained 
and dry at the time of measurement . Because the two loca
tions were close, little variation of the properties of these 
layers and the subgrade might be expected. The maximum 
deflections recorded were 545 µm on the 8-cm-thick AC layer 
and 360 µm on the 15-cm-thick layer. The deflections on the 
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warmer pavements were about 20 percent higher than those 
on the colder pavements. 

The sampling rate of the strain gauges is 16 kHz, well above 
the resolution needed for recording the rising pulse of the 
FWD, which is roughly 25 msec. The FWD records the max
imum deflections only, which correspond to the maximum 
strain, although the deformation Jags somewhat. Only tension 
was recorded from the drops. For a moving truck, the tension 
peak is surrounded by two compression stages (9) . 

BACKCALCULATION OF FIELD DATA 

The program CLEVERCALC was used for the backcalcu
lation. CLEVERCALC is a modified version of EVERCALC 
developed in the state of Washington, adapted to metric units 
and equipment. These programs stop the iteration process 
when the sum of the relative errors of the backculculutcd 
deflection basin compared with the measured basin stay within 
a given tolerance or when the change of moduli from one 
iteration to the next is less than some other given tolerance 
(6). The sum of the relative errors for each sensor of the 
deflection basin is referred to as the deflection error in the 
following. 

A three-layer system was assumed for the calculations. The 
thicknesses were known to be 8 and 15 cm for the bound AC 
layer. The base and subbase combined were 62 cm for the 
thinner pavement and 55 cm for the corresponding thicker 
pavement. The subgrade was considered semi-infinite. The 
Poisson's ratios used were 0.35, 0.40, and 0.45 for the three 
layers, the topmost mentioned first. The program needs six 
sensors for an initiation routine (JO) . The version used first 
employed only five sensors in the backcalculation, spaced 
either at 0, 20, 30, 60, and 90 cm, or at 0, 20, 60, 90, and 120 
cm. Both settings were used in this study for comparison, and 
they are indexed "20" or "120" in the following, designating 
the sensor that was used . Recent versions of the program use 
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all seven sensors in the evaluation . Depending on the choice 
of sensors, different moduli were obtained, but only slight 
differences in strain were observed. 

SELECTING VALID DATA 

All of the basins recorded on the 15-cm asphalt pavement 
were solved within a few iterations for the stipulated tolerance 
of 3 percent. Most calculated basins matched the measured 
ones well, the deflection error defined above being smaller 
than 5 percent. The worst error was 10.8 percent for the D20 

calculation and 22 percent for the D 120 calculation. (The change 
of modulus was smaller than 3 percent.) Figure l shows after
noon deflection measurements for the 15-cm asphalt pave
ment at three load levels. 

However, difficulties were encountered in reaching good 
agreement with the deflection basin of the thinner pavement. 
The measurements made in the morning were particularly 
troublesome. The program was unable to find a reasonable 
match for the 50-kN loads, and the deflection error for most 
of the others hovered around 30 to 40 percent when D20 was 
used in the backcalculation. The afternoon measurements 
agreed much better, with one exception. 

D0 and D20 values were almost the same where the diffi
culties were encountered. For this type of pavement, one 
would anticipate D0 to be about 20 percent higher than D20 • 

A discontinuity might be suspected in the asphalt pavement, 
such as the core slipping somewhat relative to the original 
pavement. The sectioned loading plate of the KUAB 50 should 
rule out any unevenness of the surface. The effect was not 
seen for most measurements made in the afternoon (see Table 
1). 

A correlation study of load and deflections was made to 
find inconsistencies and thus locate the deflections that had 
to be excluded from the study. The deflections are strongly 
correlated with each other for each of the four sets of measure-
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FIGURE I Deflection basins. 
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TABLE 1 D 0 /D 20 RATIO OF THE 8-cm AC 
LAYER 

Ref.No Time Load Do Remark 

kN 

530 am 50 488 . 97 Skip 

531 am 50 491 .97 Skip 

532 am 26 272 1.05 Skip 

533 am 26 273 1. 04 Skip 

534 am 13 146 1. 12 Skip 

535 am 13 146 1. 12 Skip 

569 pm 50 545 1. 06 Skip 

570 pm 50 541 1. 29 O.K. 

571 pm 25 299 1. 38 O.K. 

572 pm 25 301 1. 33 O.K. 

573 pm 13 158 1. 36 O.K. 

574 pm 13 149 1. 30 O.K. 

575 pm 50 533 1. 35 O.K. 

ments (i.e., thin and thick asphalt layer and morning and 
afternoon). Within these four groups the load was varied by 
a factor of four, between 12.5 and 50 kN. The deflections 
were strongly linearly correlated with the load. However, the 
number of data points for each set is only six or seven, and 
the data are spread over a wide range on three levels only, 
so high coefficients of determination are to be expected. 
Therefore, in addition to the coefficient of determination (r 2), 

the reasonableness of the regression line, like the slope and 
intercept, was scrutinized. 

All 15-cm AC layer measurements yielded coefficients of 
determination near 1.00 for all cases. The regression line in
tercepts for load and deflection were all close to zero, and 
consequently the data were accepted in the study. 

However, the D 0-D20 regression line for the 8-cm AC morning 
measurement showed the impossibility of D20 being higher 
than D 0 • The intercept of regression lines involving sensors 
at 0 and 30 cm was as high as 51 µm, indicating unreasonable 
but consistent relationships. The afternoon measurements also 
exhibited some less comforting results, but by excluding the 
first measurement, reasonable slopes and intercepts were at
tained. Therefore, these measurements were considered valid 
in the study, even if the lighter load levels could be solved 
by excluding D 20 in the calculations. 

Only more testing on the site using other strain gauges could 
verify whether poor adhesion between core and pavement 
was the problem. Another plausible reason is faulty sensors 
on the FWD. However, none of these explanations fully clar
ifies why only the first of the seven measurements in the 
afternoon was incorrect. 

BACKCALCULATED MODULI 

The backcalculated moduli (rounded to two significant digits) 
and the corresponding deflection error are given in Tables 2 
through 5. Table 6 summarizes the mean and standard de-
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TABLE 2 BACKCALCULATED MODULI FOR D20 ON 15-cm 
PAVEMENT 

Ref Time 

528 a.m. 

529 a.m. 

524 a.m. 

525 a.m. 

526 a.m. 

527 a.m . 

562 p.m. 

563 p.m . 

565 p.m. 

567 p.m . 

568 p.m . 

LOAD Error AC 

[kN] 

50 

50 

25 

25 

25 

12.5 

50 

50 

25 

12.5 

12.5 

Temp . 

['(,] (OCJ 

5 

3 

6 

3 

11 

7 

5 

9 

8 

15 

15 

15 

15 

15 

15 

27 

26 

26 

24 

24 

AC Base Subgrade 

[MPa] [MP a] [MP al 

8700 190 150 

9800 170 150 

7800 200 150 

7200 210 150 

6700 230 150 

4800 360 130 

5700 160 150 

5800 160 160 

5300 140 170 

4100 190 150 

3500 230 140 

TABLE 3 BACKCALCULATED MODULI FOR D, 20 ON JS-cm 
PAVEMENT 

Ref Time LOAD Error AC ~~·~-··•~ Modulus -··~· · ••• 

Temp. AC Base Subgrade 

[kN] ['(,) ( ocJ !MPa] [MP al [MP<>l 

528 a.m . 50 7 15 10000 140 170 

529 a.m . 50 15 11000 120 170 

524 a.m. 25 10 15 10000 120 180 

525 a . m. 25 10 15 8800 150 170 

526 a.m. 25 15 15 9900 130 190 

527 a.m . 12.5 18 15 6600 250 150 

562 p.m . 50 8 27 6600 120 170 

563 p.m. 50 26 6200 140 160 

565 p.m . 25 26 5300 130 170 

567 p . m. 12.5 n. 24 5500 130 180 

568 p.m. 12.5 12 24 4800 140 180 

TABLE 4 BACKCALCULATED MODULI FOR D,0 ON 8-cm 
PAVEMENT 

Ref Time LOAD Error AC 

Temp. AC Ease Subgrade 

[kN] ['(,] roq IMP al [MP a) [MP11] 

570 p.m. 50 4 26 7400 170 140 

571 p.m. 25 3 25 6000 150 140 

572 p.m . 25 5 25 5900 150 140 

573 p . m. 12 . 5 II 25 5400 150 150 

574 p.m . 12.5 5 24 7100 140 140 
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TABLE 5 BACKCALCULATED MODULI FOR D, 20 ON 8-cm 
PAVEMENT 

Ref Time 

Temp . AC Base Subgrade 

[kN] [!.] [•CJ [MPa] [MPa] [MP a] 

570 p.m . 50 11 26 8400 150 150 

571 p.m. 25 14 25 6900 140 150 

572 p.m. 25 19 25 7100 140 150 

573 p.m. 12.5 23 25 7100 120 160 

574 p.m. 12.5 8 24 7400 140 140 

TABLE 6 MEAN AND STANDARD DEVIATION OF 
BACKCALCULATED MODULI (MPa) 

Variable Mean Standard Mean Standard 

De v iation Deviatl on 

...... ,. D ~ A • ,. A D 

Asphalt Concrete 6325 1650 7600 1880 

Bas e 188 5 5 141 31 

Subgrade 14 8 9 165 14 

viation of the moduli for the two sensor locations. A wide 
range of AC moduli was achieved by the temperature vari
ation , with a coefficient of variation of about 0.25 . Use of the 
outer sensor location yielded higher AC moduli, and a regres
sion equation between methods indicated an intercept of 1000 
MPa and a slope of 1.04 (i .e ., use of the outer sensor resulted 
in about 1 GPa higher modulus). 

The base layer modulus also showed variability, which might 
be explained by stress sensitivity . However, no relation be
tween load and base morl11h1s was seen (r 2 = .08), and the 
variability is more likely to be an effect of the many possible 
solutions of finding a fitting basin. The subgrade modulus 
showed little variability and no noticeable stress sensitivity. 
The overall stress level was low, however , even for the 50-
kN load. Depending on the sensors employed, the result was 
different-165 MPa for the outer sensor at 120 cm and 150 
MPa for the inner sensor at 20 cm. No effort was made to 
determine the moduli by laboratory testing. The results using 
the sensor at 20 cm appear more realistic, because the base 
is stiffer than the subgrade, which is what would be expected 
for these materials. The mean error of the backcalculated 
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basin was also lower for the sensor at 20 cm, or 5.5 percent 
versus 11.7 percent . However, later versions of CLEVER
CALC using all seven sensors complied better with the five
sensor D 120 setting. 

BISAR CHECK OF MODULI, DEFLECTION, 
AND STRAIN 

Many studies have compared results from different elastic 
layer programs. Most of these investigations appear to con
clude that there is no significant difference between CHEV
RON and BISAR. The former is used by CLEVERCALC. 
To check whether the conditions were prevalent for the pres
ent study, the BISAR program was used as a control of the 
backcalculated moduli and strains, and the CLEVERCALC 
moduli were used as input values. 

Practically all deflections measured were retrieved with the 
BISAR program. An example, Reference 562, a 50-kN load 
on the thicker pavement, is given in Table 7. The largest 
discrepancy was found for the D 120 sensor when comparing 
with the moduli yielded with the 0-20-30-60-90 sensors. 

However, in this case the AC modulus differs 16 percent, 
the base modulus 33 percent, and the subgrade modulus 13 
percent, depending on which sensors are used . Consequently, 
despite variability of the derived moduli, the deflections are 
well matched , as is the asphalt strain. Figure 2 shows a plot 
of strain versus center deflection. Because all material prop
erties but the AC are constant, the relation is truly linear. 
The backcalculated strains, the BISAR-derived strains, and 
the measured strains are given in Tables 8 and 9. The tables 
also contain the deviation between gauge and CLEVER
CALC as [(CLEVERCALC/Gauge) - 1] * 100. 

DISCUSSION OF RESULTS 

As Table 7 indicates, the deflection basin based on the back
calculated moduli shows a solid fit with the original measure
ment even though only five sensors were used in the back
calculation. There is a small discrepancy , though, for the 
outermost sensor when not employed itself. The backcalcu
lated moduli conslilule only one of many solutions to the 
deflection basin, and the great variability of the base and 
subbase suggests this fact. As pointed out above, the deflec
tions correlated strongly with the load and with each other , 
indicating a linear relationship between stress and elastic re
sponse of the layers involved . 

TABLE 7 DEFLECTIONS OBTAINED IN THE BISAR 
PROGRAM(µ,) 

Sensor Op D;ig Dilg Dsi~ Dfla D 2 p ---1h..li. 

FWD-measurement 360 291 253 200 162 101 66 

Backcal:d D20 357 295 254 158 103 

BISAR 20 357 297 256 202 160 105 75 

Backcal :d Dl20 356 258 159 99 67 

BISAR 120 356 300 260 207 16:.1 102 69 
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FIGURE 2 Strain versus center deflection (Y = 14.5 + 1.88X; r2 = .98). 

TABLE 8 FIFTEEN-cm AC PAVEMENT ASPHALT STRAIN 

Ref Time Load BI SAR CLEVERCALC Gauge Deviation 

[kN] [!!LmJ [!!Lml U•Lml ['t] 

524 - 20 am 25. 6 72 72 69.5 + 3 

524 -120 am 25.6 66 66 69.5 - 6 

525 - 20 am 25.7 75 75 69.0 + 9 

525 -120 am 25.7 71 71 69.0 + 3 

526 - 20 am 25.7 77 77 68.7 +12 

526 -120 am 25.7 67 68 68.7 - 1 

527 - 20 am 12.8 40 40 34.7 +14 

527 -120 am 12.8 38 38 34.7 + 9 

528 - 20 am 50.3 133 133 130 + 2 

528 -120 am 50.3 127 127 130 - 2 

529 - 20 am 50.2 125 125 130 - 4 

529 -120 am 50.2 119 119 130 - 8 

562 - 20 pm 50.1 189 189 185 + 2 

562 -120 pm 50.1 179 178 185 - 4 

563 - 20 pm 50.3 186 186 183 + 2 

563 -120 pm 50.3 183 182 183 - 1 

565 - 20 pm 25.4 103 103 95.9 + 7 

565 -120 pm 25. 4 104 104 95.9 + 8 

567 - 20 pm 12.8 58 57 48.0 +19 

567 -120 pm 12.8 51 51 48.0 + 6 

568 - 20 pm 12.8 59 58 48.5 +18 

568 -120 pm 12.8 56 56 48.5 +14 

8 cm AC 
15 cm AC 
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TABLE 9 EIGHT-cm AC PAVEMENT ASPHALT STRAIN 

Ref Time Load BI SAR 

[kN] [gLmJ 

570 - 20 pm 50.1 296 

570 -120 pm 50. 1 284 

571 - 20 pm 25.4 175 

571 -120 pm 25.4 168 

572 - 20 pm 25.5 176 

572 -120 pm 25.5 167 

573 - 20 pm 12.8 95 

573 -120 pm 12.8 87 

574 - 20 pm 12.8 82 

574 -120 pm 12.8 Bl 

The modulus of a granular layer is a function of density, 
gradation, degree of saturation, angularity of the particles, 
and stress state (7). In this case the base, subbase, and subgrade 
were all made up of granular materials, but no dependency 
of load was derived, implying that a linear response could be 
anticipated. 

However, the derived moduli may indicate some stress sen
sitivity, as in Figure 3, which shows the base modulus as a 
function of the AC modulus for the 15-cm AC layer, using 
the D 120 sensor. Two temperature and hence modulus groups 
are clearly seen for the AC. Within each group the base 
modulus tends to increase slightly with decreasing AC mod
ulus, which complies with the stress dependency. However, 
a test for independence indicates that the regression curve 
could be regarded as horizontal; thus, the two variables are 
independent of each other at the 1 percent level of signifi
cance. The regression line is 

£base = £asphalt * 0.0032 + 168 (r 2 = .047) (1) 

200 -

0 
0 0 

100 >-

CLEVERCALC Gauge Deviation 

[gLmJ [gLmJ ['l.] 

295 283 + 4 

284 283 0 

174 159 + 9 

167 159 + 5 

176 158 +11 

167 158 + 6 

95 84.8 +12 

87 84.8 + 2 

82 64.2 - 2 

81 84.2 - 4 

The extreme base modulus of 250 MPa is Blow 527, which 
did not solve better than 18 percent deflection error. The load 
was a 12.5-kN drop, a load level that generally rendered the 
most scatter. Omitting this point does not alter the regression 
much other than to lower the intercept: 

£base = £asphalt * 0.00087 + 140 (r 2 = .049) (2) 

At the 1 percent significance level, r2 should be more than 
.585 to reject independence. 

Figure 4 shows a plot of the load versus the AC modulus. 
The afternoon D120 measurement shows only slight depen
dence of the load, whereas the morning measurement exhibits 
increasing modulus with increasing load. The AC strain mea
sured correlated almost perfectly with load for three stress 
levels at each combination of thickness and temperature. 

Figure 5 shows a plot of load versus base modulus. Dis
regarding Blow 27 at the upper left part of the figure, no 
stress dependence is seen. The stress state is completely dom
inated by the load. The influence of the AC modulus is small. 

• x 

p.m. 

o--~~~~~~~~~~~~~-1~~~~~~~---""-~~~~--- a.m. 
4000 8000 16000 

AC Modulus [MPaJ 
Clog scale) 

FIGURE 3 AC versus base modulus. 
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FIGURE 4 Load versus asphalt modulus. 
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FIGURE 5 Load versus base modulus. 

The stress state varied linearly with the load . Therefore , the 
scatter of the base modulus seen is probably an artifact of the 
program. 

The same conclusions were drawn for several test sites, most 
of them with thin asphalt surfacings leading to higher stress 
states in the granular materials than in the present case, from 
a study in Norway (11). It challenges the benefit of using 
finite element methods, because they involve more material 
properties characterization than does the linear elastic, which 
in turn increases the uncertainties about the specimen tested. 

Figure 6 shows a plot of the load versus the subgrade mod
ulus . It is much Jess scattered, especially for the 50-kN loads. 
Note also the standard deviation in Table 6. 

Despite the small variation of deflections from repeated 
loading, the program was unable to achieve consistent moduli . 
The base/subbase modulus varied by as much as a factor of 
2.6, D20 calculations included . The subgrade, however, varied 
by only 28 percent. By excluding basins with a poorer fit than 
10 percent deflection error, the variability of the base drops 
to 70 percent, still a high value. 

It appears from experience that a common error of linear 
elastic program backcalculation is to underestimate the base 
layer modulus, which results in AC or subgrade moduli that 
are too high. That error appears to be more common if the 
outer 120-cm sensor is used in the process. The farther away 
a sensor, the more it is affected by deeper layers and naturally 
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FIGURE 6 Load versus subgrade modulus. 

at some point a rigid base, which may disrupt the semi-infinite 
subgrade model. 

It may be argued that the moduli are not inherently that 
important as long as the parameters used for overlay design 
criteria are fairly accurate. Indeed, the agreement between 
the measured and backcalculated strains is surprisingly good 
(see Figure 7 and Tables 8 and 9). The coefficient of deter
mination is as high as .99 for both the D 20 and D 120 solutions. 
This is also the case for the newer program employing all 
seven sensors. All three display intercepts near zero and slopes 
near 1 in their respective regression lines. The mean deviation 
for all 32 basins is 4.6 percent with a slight overestimate of 
the strain. If design life is considered according to the fourth 
power of the strain, it translates to an overestimate of 20 
percent, still within a reasonable tolerance. 

Backcalculated Strain Cy) 
CMicrostrainJ 

300 ,__ 

200 -

100 -

~~~ 

By breaking down the material in subgroups, it can be seen 
that the 12.5-kN load solved for the 120-cm sensor shows the 
highest mean deviation, 12.2 percent (see Table 10). The 50-
kN load most commonly used for routine measurements ac
tually displays a slight underestimate of the strain. No other 
clear trend among the subgroups can be seen, partly because 
of an insufficient number of observations. However, the Dl20 
solutions are closer to the strain gauge measurements, the 
mean deviation being only 1. 7 percent as opposed to 7.4 per
cent with the 20-cm sensor or - 3.1 percent for all seven 
sensors used. 

The thickness of the pavement layers was accurately known 
in the present field study . Further, the construction materials 
were homogeneous, something that is not always encountered 
in routine work, especially dealing with overlays. Even if 

Or;...~....i..~~.i....~....i..~~~1~~.i....~....i..~~.i....~....i.1~~.._~ ...... ~~.._~ ...... 1~~ 

0 100 200 300 

Measured Strain Cx) 
CMicrost rain] 

FIGURE 7 D120 regression line (Y = 2.11 + 0.989X; r 1 = .992). 
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TABLE 10 MEAN RELATIVE ERROR FOR VARIO US 
COMBINATIONS OF BACKCALCULATED STRAIN 

Group N Mean Standard 

Deviation 

ALL,D2o+D120 32 .045 .069 

15 cm 22 .046 .077 

B cm 10 .043 .054 

12 kN 10 .OBB .081 

12 kN-20 5 .122 . 084 

12 kN-120 5 .054 .068 

25 kN 12 .055 .052 

25 kN-20 6 .085 .032 

25 kN-120 6 .025 .052 

50 kN 10 -.009 . 037 

50 kN-20 5 .014 .032 

50 kN-120 5 -.030 . 079 

D20 16 .074 . 068 

D120 16 .017 .060 

Seven sensors 16 -.031 .060 

D20 15cm 11 .077 .074 

D120 15cm 11 .016 .070 

D20 Bern 5 .069 . 058 

D120 Bern 5 .018 .041 

normal conditions do not always allow for detailed surveying, 
it is encouraging that the calculated strains match the mea
sured strains under these controlled conditions. 

CONCLUSIONS 

Good agreement was obtained between the asphalt pavement 
strain established by a backcalculation procedure and the 
measured strain in the pavement. 

The 12.5-kN loading showed higher variability of the de
rived moduli, perhaps because of proportionally less resolu
tion of the deflection readings. 

The relation between deflections and strains for the pro
gram used based on the CHEVRON N-layer elastic analysis 
did not differ from BISAR for the loading conditions and 
pavements tested. 

Even if the asphalt strain compared well, repeated loading 
yielded less compliant moduli. The latter may be caused by 
the change of modulus routine allowing a solution where the 
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deflection basins do not match. The convergence of backcal
culation programs should perhaps employ more sophisticated 
routines in the iteration process (12). 
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Backcalculation of Asphalt Concrete
Overlaid Portland Cement Concrete 
Pavement Layer Moduli 

KATHLEEN T. HALL AND ALAEDDIN MOHSENI 

The United States currently has a large and growing mileage of 
portland cement concrete (PCC) highway pavement overlaid with 
asphalt concrete (AC). Evaluation of existing AC/PCC pave
m~nt<; and selection of second rehabilitation strategies are thus 
becoming increasingly pressing concerns of state highway agen
cies. Use of deflection test data to interpret the condition of the 
underlying PCC is crucial to a structural evaluation and second 
overlay design for this type of pavement. However, interpretation 
of deflection measurements is perhaps more difficult for AC/PCC 
pavement than for any other pavement type. Many of the avail
able tools for backcalculation of pavement layer moduli are lim
ited in their ability to successfully analyze AC/PCC pavement. A 
simple and straightforward procedure for backcalculation of AC/ 
PCC pavement layer moduli is described. The approach is built 
on available closed-form solutions to backcalculation for bare 
PCC pavement, with adjustments made to measured deflections 
to account for the influence of the AC layer. An example using 
deflection data collected on an AC-overlaid PCC Interstate high
way section indicates that the backcalculation procedure produces 
reasonable results that are consistent with those obtained from 
other backcalculation methods and with the known condition of 
the pavement. 

The most widely used rehabilitation technique for portland 
cement concrete (PCC) pavements is resurfacing with asphalt 
concrete (AC). Many states have already overlaid substantial 
portions of their PCC highway pavement mileage with AC 
and plan to overlay more in the near future. Thus, the mileage 
of AC-overlaid PCC is growing. Evaluation and rehabilitation 
of AC/PCC pavements are becoming increasingly prominent 
and pressing concerns of state highway agencies. 

Much of the distress seen in AC/PCC pavements is reflected 
from deterioration in the underlying PCC slab. The PCC dis
tresses that are most responsible for AC oveFlay deterio1alio11 
are slab cracking, punchouts, joint deterioration, deteriora
tion resulting from poor PCC durability ("D'' cracking and 
reactive aggregate distress), and deterioration of PCC and 
AC patches. The deterioration will also reflect through a sec
ond AC overlay unless it is identified and corrected. This 
requires a coordinated effort of distress surveying, nonde
structive deflection testing (NDT), and coring for materials 
samples. The information obtained is valuable in establishing 
a profile of condition along the length of the project, which 
may then be used to identify areas requiring repair and to 
determine second rehabilitation options. 

Department of Civil Engineering , University of I!linois at Urbana
Champaign, Urbana, Ill. 

Analysis of deflections measured at locations where the 
underlying PCC is severely deteriorated, as in the case of "D" 
cracking, will invariably produce extremely low backcalcu
lated PCC modulus values. They should not be interpreted 
as the true stress-strain response of the PCC as a homoge
neous elastic layer, but rather as an indication of the extent 
to which its behavior departs from that of a sound slab (i.e., 
the extent of the PCC's deterioration). The ability to diagnose 
the condition of the PCC from deflection measurements is 
particularly valuable in evaluation of AC/PCC pavements, 
because the extent of the deterioration of the PCC is often 
not fully evident from visible distress. In some cases, the 
deterioration of the PCC may be so severe and widespread 
that the only feasible rehabilitation alternatives are substantial 
structural improvements, such as a very thick AC overlay, an 
unbonded PCC overlay, or reconstruction. 

Structural evaluation using NDT data is perhaps more dif
ficult for AC/PCC pavements than for all other pavement 
types. The available computer programs for backcalculation 
of pavement layer moduli possess a variety of theoretical and 
practical limitations, which hinder their usefulness in AC/PCC 
pavement analysis. Valid and repeatable results are typically 
only obtained from even the best of these tools by knowl
edgeable pavement engineers with considerable experience 
in backcalculation. 

Previous research (1 ,2) has demonstrated that a closed
form solution exists for backcalculation of PCC and subgrade 
moduli for slab-on-grade systems. One of the advantages of 
this direct approach to determination of pavement layer prop
erties is its efficiency in processing deflection data. However, 
the direct approach applies only to two-layer systems in which 
the top layer behaves like a plate (e.g., a PCC slab). This 
approach is not directly applicable to analysis of AC-overlaid 
PCC pavements, because it does not account for the influence 
of the AC overlay on deflections. The adaptations to the 
closed-form approach that are required for backcalculation 
of AC/PCC pavement layer moduli are described in this 
paper. 

LIMITATIONS OF AVAILABLE 
BACKCALCULA TION TOOLS 

Most of the tools currently used for backcalculation of pave
ment moduli are computer programs based on multilayer elas
tic theory. The programs determine the elastic moduli of piive
ment layers by matching deflection basin measurements to 
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deflections predicted by multilayer elastic theory, given the 
layer thicknesses and Poisson's ratios and the magnitude and 
area of the applied load. A few backcalculation programs exist 
that use the equivalent thickness concept (i .e. , reduction of 
a multilayer elastic system to an equivalent system of fewer 
layers for which a solution is more easily obtainable). Back
calculation may also be done using plate theory [i.e., two
layer elastic theory for the special case of a rigid upper layer 
that exhibits pure bending (without shear deformation) in 
response to load]. 

In backcalculation programs based on multilayer elastic the
ory, actual deflections are matched to predicted deflections 
in one of two ways: by iterative numeric integration of elastic 
layer equations or by searching a data base of deflection basins 
that have been generated for ranges of layer thicknesses and 
moduli. Backcalculation by the equivalent thickness method 
may also be done by iteration or by data base search. Iteration 
was used in the first plate theory backcalculation routines, 
but has since been replaced by direct solution of closed-form 
equations. 

Iterative Backcalculation Programs 

BISDEF (1), CHEVDEF (2), WESDEF (3), and ELSDEF 
are examples of iterative backcalculation programs that make 
repetitive calls to an elastic layer analysis subroutine [e .g., 
BISAR (4) for BISDEF] in order to match measured deflec
tions to deflections predicted for program-selected layer mod
uli . The process stops when the measured and predicted de
flections match within tolerance levels set by the user or when 
the maximum number of iterations set by the user is reached. 
A detailed description of the solution algorithm used in these 
programs is given by Anderson (5) . 

One limitation of iterative elastic layer backcalculation pro
grams is that they require the user to enter starting values 
and ranges for the layer moduli. Unless appropriate starting 
values are selected, the program may never converge to a 
solution within the selected ranges. Some researchers have 
noted that there is no unique solution to the set of moduli 
that will produce a given deflection basin. Rather, there are 
as many solutions as there are layers in the pavement structure 
(6-8). As a result, the solution toward which the program 
converges depends on the initial or "seed" modulus values 
selected. The boundary values must also be selected judi
ciously. Limits that are too narrow may prevent the program 
from converging to the correct solution. Limits that are too 
broad may allow the program to converge to an incorrect 
solution, particularly if inappropriate seed moduli are se
lected. Success with these programs thus requires not only a 
good knowledge of pavements but also experience in back
calculation for the specific pavement type in question . It has 
even been suggested that iterative elastic layer backcalcula
tion can never be truly automated until an expert system is 
developed to guide decisions such as selection of seed moduli 
(6 ,9) . 

A second limitation of iterative elastic layer backcalculation 
is that it is time-consuming, increasingly so for increasing 
number of layers. Convergence to a solution may require 
several iterations for a pavement system of three or more 
layers. The iterative backcalculation programs available today 
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cannot process deflection data at a rate even close to that at 
which deflection data may be collected in the field. 

In general, the iterative elastic layer backcalculation pro
grams available do not perform well in analyzing AC/PCC 
pavements, for both of the reasons cited above. Frequently 
they are unable to match predicted and actual deflection ba
sins within reasonable tolerance levels even when given broad 
ranges of moduli and permitted to run several iterations. Their 
tendency is to underpredict the modulus of the AC surface, 
often going to the lower limit of the AC modulus range al
lowed by the user, and consequently overpredicting the mod
ulus of the PCC slab. As a result, it is necessary to confine 
the AC modulus to a narrow range bracketing an appropriate 
value [determined by independent means (e.g., as a function 
of AC mix temperature)] to obtain meaningful backcalculated 
modulus values for the PCC layer. The long execution time 
required for backcalculation of AC/PCC pavement layer mod
uli is also a significant limitation . Analysis of several dozen 
AC/PCC pavement deflection basins, such as might be mea
sured on a highway section a few miles in length, may require 
several hours of program execution even on a high-end per
sonal computer. 

BOUSDEF (10) is an iterative backcalculation program 
similar to BISDEF, except that deflections for trial layer mod
uli combinations are computed not by an elastic layer sub
routine but rather an equivalent thickness subroutine . This 
dramatically reduces execution time, which is BOUSDEF's 
major advantage over the BISDEF class of programs. How
ever, the appropriateness of BOUSDEF for backcalculation 
of AC/PCC pavement layer moduli is questionable because 
of violation of assumptions of the equivalent thickness method . 
These include the assumptions that the pavement layers above 
the subgrade exhibit pure bending behavior, that all layers 
are fully bonded at their interfaces, that the layer moduli 
decrease with depth , and that the equivalent thickness of any 
layer (with respect to the layer below) is larger than the radius 
of the applied load. 

Data Base Backcalculation Programs 

Data base backcalculation programs run much more quickly 
than iterative programs but require a large amount of com
puter storage. Furthermore, a data base backcalculation pro
gram can only be applied to situations comparable with that 
for which the data base was generated (i.e ., number of layers, 
material types, ranges of thicknesses and elastic moduli, in
terface bonding conditions, magnitude and geometry of load
ing, and number and spacing of sensors) . 

Of the backcalculation programs currently available, the 
data base-type program COMDEF (11) is the only one de
veloped specifically for AC/PCC pavements. COMDEF's data 
base of deflection basins contains the results of more than 
40,000 elastic layer program (BISAR) runs. As a result, the 
complete COMDEF data base occupies more than 4 mega
bytes of hard disk space on a personal computer. It is possible 
to load portions of the data base corresponding to the specific 
cross sections of interest to conserve hard disk space . A sec
ond and more serious limitation of COMDEF is that it re
quires deflections for seven sensors at 12-in . spacings; it can
not accommodate fewer sensors or other spacings. COMDEF 
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does not permit the user to choose whether to model the AC/ 
PCC interface condition as bonded or unbonded, and the 
program's documentation does not indicate which interface 
condition (presumably bonded) was used in the development 
of the data base. 

MODULUS (12) is a data base backcalculation program 
in which the deflection basin data base is produced by a fac
torial of elastic layer program (CHEVRON) runs. MODU
LUS was developed for analysis of flexible pavements, but it 
may be used to analyze AC/PCC pavements. This process 
may take 15 min to 1 hr, depending on the pavement structure 
and the capabilities of the computer used, and must be re
peated for every cross section of interest . At least 1 megabyte 
of hard disk space must be available to store the generated 
cfata base. Once the data base is generated, analysis of de
flection data proceeds quickly. 

Closed-Form Backcalculation 

ILLIBACK (13,14) is a backcalculation program based on 
closed-form solution of plate theory equations, intended for 
use in analysis of bare PCC pavements. ILLIBACK executes 
more quickly than any other available backcalculation pro
gram and could conceivably be used for real-time analysis of 
deflection data in the field . It is the only available backcal
culation program that determines a modulus of subgrade re
action (k value, psi/in .) as well as an elastic modulus for the 
subgrade. However, the current version of ILLIBACK can 
only be used for bare PCC pavements. Work is under way to 
modify ILLIBACK to address two-layer plate systems, for 
example , a PCC pavement with a bonded or unbonded PCC 
overlay, or a PCC pavement with a stabilized base. 

Even with these modifications, however, ILLIBACK would 
not be an appropriate tool for analysis of AC/PCC pavement, 
because modeling the AC as a plate would fail to account for 
the significant compression that occurs in an AC overlay of 
a PCC slab . Nonetheless, for the purposes of AC/PCC pave
ment backcalculation, the efficiency and repeatability of the 
closed-form approach to backcalculation make it the most 
appealing of the available backcalculation schemes, if it can 
be modified to account for the behavior of the AC surface. 

CLOSED-FORM BACKCALCULATION FOR BARE 
PCC PAVEMENT 

For a bare PCC pavement, the PCC slab's elastic modulus 
(EpcJ and the subgrade k value or elastic modulus (£.) may 
both be backcalculated from the maximum deflection d0 and 
the AREA of the deflection basin as defined by the following 
equation: 

where d0 is the maximum deflection at the center of the load 
plate in inches and d 12 , d24 , and d36 are the deflections at 12, 
24, and 36 in. from the plate center, respectively, in inches. 

AREA has units of length, rather than area, because each 
of the deflections is normalized with respect to d0 in order to 
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remove the effect of different load levels and to restrict the 
range of values obtained. AREA and d0 are thus independent 
parameters from which the two unknown values £pee and k 
or E, may be determined for a known slab thickness. This 
approach to direct backcalculation of slab and subgrade prop
erties was first proposed by Hoffman and Thompson (15) and 
further validated by ERES (16) and Foxworthy (17). Further 
investigation of this concept by Ioannides (13 ,14) has pro
duced a closed-form solution procedure to replace the iter
ative and graphical procedures used previously, as well as the 
computer program ILLIBACK for rapid analysis of deflection 
basin data for slab-on-grade pavement systems. 

AREA Versus C 

Research by Ioannides (13,14) has demonstrated that for a 
given load radius and sensor arrangement, a unique relation
ship exists between AREA and the "dense liquid" radius of 
relative stiffness of the pavement, in which the subgrade is 
characterized by a k value (18): 

- £,""' D"te 
[ ]

114 

fK - 12(1 - µ~..,) k 

where 

ek = dense liquid radius of relative stiffness (in.), 
£pee = PCC elastic modulus (psi), 
Dpee = PCC thickness (in.), 
J-l.pee = PCC Poisson's ratio, and 

k = k value (psi/in.). 

(2) 

A separate unique relationship exists between AREA and 
the "elastic solid" radius of relative stiffness of the pavement, 
in which the subgrade is characterized by an elastic modulus 
and a Poisson's ratio (19): 

where 

e, = elastic solid radius of relative stiffness (in .), 
µ. , = subgrade Poisson's ratio, and 
E, = subgrade elastic modulus (psi). 

(3) 

The equations for deflection of a PCC slab resting on a 
dense liquid foundation or an elastic solid foundation have 
been summarized by Ioannides (13) . For this study, these 
equations were solved for radial distances of 0, 12, 24, and 
36 in . and for ek and e. values from 15 to 80 using the IMSL 
(20,21) library of functions available on the Apollo net
work of UNIX workstations at the University of Illinois. The 
deflections computed were used to obtain an AREA corres
ponding to each value of ek and e,. The results are shown in 
Figure 1. 

Because the curves asymptotically approach an AREA value 
of 36 in., an appropriate and meaningful equation form for 
modeling the relationship of AREA toe is that of an asymp
totic regression model, also called a monomolecular growth 
model (22). Such a model has the following general form: 
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FIGURE I Relationship of AREA to radius of relative 
stiffness ck and C, for load radius a = 5.9 in. 

AREA 

where 

k 1 = the asymptotic y value, 

(4) 

k2 = parameter for the range of AREA values, and 
k 3 , k4 = scale parameters that govern the rate of growth. 

The model must be rearranged to predict Ck or C, as a function 
of AREA. The SAS statistical analysis software (23) was used 
to determine the parameters for each model by nonlinear 
regression. 

[ 
(

36 - A REA) J o.~2s 
In 1812.279 

ck = -2.559 (5) 

(residual R2 = 99.99 percent (predicred versus actua l values), 
fiv = 0.097 in., n = 63, and re idual range = 0.996 to 1.018]. 

[ 

(
36 - AREA) J o.:s1 

In 4521.676 

e, = -3.645 (6) 

(residual R2 = 99.99 percent (predicted versus actual values), 
fiy = 0.118 in., n = 83, and residual range= 0.996to1.023]. 

Subgrade k or E. 

With AREA calculated from measured deflections, ek or ee 
may be obtained from Eq uations 5 or 6 or from Figure 1. The 
k value may then be obtained from Westergaard'· (18) de
flection equation: 

k = (ad: ez) 

x {1 + (2~)[1n(2;J + ~ - l.25](tr} (7) 

where 

P = applied load (lb), 
d0 = maximum deflection at center of load (in.), 
a = load radius, and 
~ = Euler's constant, 0.57721566490. 
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Figure 2 wa d veloped from Equati ns 5 and 7 for load P 
= 9,000 lb and load radiu tJ = .9 in. For loads within about 
2,000 lb of this va lue , the deflect ions d0 , dlZ> d24 , cllld d.'6 may 
be scaled linearly to 9,000-lb deflections. 

The elastic modulus of the subgrade (£.) may be obtained 
from Losberg's (19) deflection equation: 

E, = [ 
2P(~o ~. µ;) J [ 0.19245 + 0.0272 

x (T.Y + 0.0199(T.Y Jn (T.) J (8) 

Figure 3 was developed from Equations 6 and 8 for load 
P = 9,000 lb, load radiu a = 5.9 in., and subgrade Poisson ' . 
ratio µ, = 0.50. For loads within about 2,000 lb of this value, 
the deflections d0 , d, 2 , d24 , and d36 may be scaled linearly to 
9,000-lb deflections. 

PCC Elastic Modulus 

Once the k value or elastic modulus of the subgrade is known, 
the elastic modulus of the PCC slab may be determined using 
the appropriate (de n ·e liquid or elastic solid) defini tion of the 
radius of re lative stiffne . F igure 4 was deve loped from Equa
tions 2 and 5 for PCC Poisson's ratio µpee = 0.15 and load 
radius a = 5.9 in. Figure 5 was developed from Equations 3 
and 6 for PCC Poisson's ratio fl.pee = 0.15, subgrade Poisson's 
ratioµ. = 0.5, and load radius a = 5.9 in. For either support 
characterization, the P elastic modulus £pee may be de
termined for a known value of slab thickness, Dpec· 

BACKCALCULATION FOR AC/PCC PAVEMENT 

AC Elastic Modulus 

To remove the effect of the AC surface from the NDT data, 
the elastic modulus of the AC layer must be determined. The 
recommended method for determining Eae is to monitor the 
temperature f the AC mix during deflection testing and to 
use a relation 'hip between Eac and temperature. The AC mix 
temperature may be mea ·ured directly ore timated from sur
face or air temperature using procedures developed by 
Southgate (26), Shell (27), the Asphalt Institute (28), or Hoff
man and Thompson (15). Air temperature data may be re
corded during deflection testing or obtained from a local weather 
station. 

The relation hip between AC modu lu and temperature is 
shown in Figure 6, developed by Thompson and Cation (29) 
for typical Illinois Department of Transportation mixes. The 
curves shown in Figure 6 apply to new AC mixes. AC that 
has been in service for some years may have a different mod
ulus for any given temperature. The third line in Figure 6 is 
drawn for the AC cores used in the example described later. 
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FIGURE 2 Effective k value determination from d0 and AREA. 
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FIGURE 3 E, determination from d0 and AREA. 

Diametral resilient modulus te ting (A TM D 4123) may 
be c 1i lucted at one r m r temperature on AC cores taken 
from the pavement in order to establish points for a curve for 
the E.c versus temperarure. However becau e it may not be 
feasible to conduct this type of te 'ting, correlation may be 
establi hed between A resili.ent modulus and indirect ten ile 
strength , which may be more readily determined. ··quati n 
13, developed by Carpenter and VanDam (30) for 4-in. -di
ameter samples of AC mixes at 72°F with typical Illinois De
partment of Transportation gradations and ranges of asphalt 
contents, asphalt stiffnesses, and compaction efforts, is an 
example of such a correlation: 

MR = 35,632 + 4,446 (S1r) (9) 

(R2 = 85 percent and n = 56) where MR is AC resilient 
modulus (psi) and SIT is AC indirect tensile strength (psi). 

This particular relationship is specific to the AC mixes tested. 
Similar relationships could be developed for other AC mixes. 

d0 of PCC Layer 

The elastic layer program BISAR was used to model AC/ 
PCC pavement structures over a broad range of parameters: 

Parameter 

AC thickness 
AC modulus 
PCC thickness 
PCC modulus 
Subgrade modulus 
ACIPCC interface 

Values 

2, 4, and 6 in. 
100, 500, and 1,000 ksi 
6, 8, and 12 in . 
3 million and 7 million psi 
6, 24, and 42 ksi 
bonded and unbonded 
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FIGURE 4 PCC elastic modulus determination from k value, AREA, 
and slab thickness. 
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FIGURE 5 PCC elastic modulus determination from E,, AREA, and 
slab thickness. 

l 17 

A load magnitude of 9,000 lb and a load radius of 5.9 in. 
were used. Poisson 's ratio values used for the AC, PCC, and 
subgrade were 0.35, 0.15, and 0.5, respectively. The PCC/ 
subgrade interface wa modeled as unbonded . 

condition and the thickness and stiffness of the PCC slab. For 
example, in ystems witb a stiff subgrade (42 k i) , lo' A 
modulus (JOO k i) and thick AC layer (6 in.) more than 0 
percent of the total deflection in the pavement ccurred in 
the A layer. Deflections were computed at the surface of the AC and 

the surface of the PCC at radial offsets of 0, 12, 24, and 36 
in. ompre ion in the AC layer , as indicated by th~ chan e 
in d0 between the A and .P C surface often accounted for 
a significant portion of the total deflection , depending pri
marily on the thicknes and modulus of the A and the ti ff
nes of th subgrade, and to a lesser exten t n the interface 

The change in d0 is significantly great r when the A is not 
bonded t the PCC than when it is bonded. For each interface 
bonding condiri n, it was fo und that the change in c/0 could 
be predicted reliably as a fun lion f the rat io of the A 
thickness to A modulu (Dj E11J. These relationship were 
found to be insensitive to the ranges of other parameters 



118 TRANSPORTATION RESEARCH RECORD 1293 

~ 
I 

I"... 

... '~ 

3000 

2000 

Cl) 

"' 
~ 1000 
_J 900 

~ ', ,,......,,:r.-'70 Marsha II 

~ '• ' I ' . 
§ 800 
:Ii 700 

~ 600 
w 
~ 500 
z 
0 
u 400 
':J 
<t 
it 300 
Cl) 
<t 

-. 
" 

-
I-

150 
30 

' ' ' 
40 50 60 

" " ' 

" 
_rAC-20 

" " ' -. 

'"'" "" '· 
AC-IOJ ""'- 'I'- ' ~ l-

'~""" ' 
~ ~ 

~ 
\ 

. I J 

70 80 90 100 

ASPHALT CONCRETE TEMPERATURE, °F 

FIGURE 6 Asphalt concrete modulus-temperature relations for 
typical Illinois Department of Transportation Class I mixtures (29). 

investigated. Equation 10 was obtained for AC/PCC bonded, 
and Equation 11 was obtained for AC/PCC unbonded: 

( )

I ,02138 

do compress = -0.04524 + 63269.74 Dae 
Eac 

(10) 

(residual R2 = 99.94 percent, Uy = 0.047 mils, and n = 225) 

( )

0.91878 

do compress = - 0.02149 + 27058.01 Dae 
Eac 

(11) 

(residual R2 = 99.89 percent, Uy = 0.074 mils, and n = 225) 

where 

d0 compm" = AC compre sion at center of load (mils), 
D,.0 = AC th.ickaess (in.), and 
Eac = AC elastic modulus (psi). 

T he d0 of th PCC slab in the AC/P C pavement may be 
determjned by subtracting the compre ·sion occurring in the 
AC surface from the d0 measured at the A surface. 

The interface condition is a significant unknown in the back
calculation problem. The AC/PCC interface is assumed to be 
fully bonded when the AC layer is first placed, but how well 
that bond is retained is not known. Examination of core 
taken at a later time may show that the bond has been reduced 
or completely lost. This is particularly likely if stripping occurs 
at the AC/PCC interface. Because in most cases the true 
interface bonding condition is not known, it is recommended 
that the change in d0 be determined for both conditions. 

AREA of PCC 

In the elastic layer ana lyses conducted, only d0 was fow1d to 
change sjgnificantly between the AC and PCC layers; differ-

ences in d12 , d24 , and d36 were very close to zero over the 
entire range of parameters. Therefore, the AREA of the PCC 
lab may be computed from Equation 1 u ing the d0 of the 

PCC lab determined as de cribed above and d1. , d24 and d36 

measured at the A surface. This computed AREA of the 
.PC wil l alway be larger than the AREA of the AC urface s 
deflection basin. This is due to the form of quation L, in 
which AREA is normalized by di idlng all f the deflections 
by tl(J. If the denominator of each term decrease while the 
numerators remain unchanged, a larger AREA value will be 
computed. 

Correction to d0 and AREA of PCC 

The computed d0 and AREA of the PCC slab's deflection 
ba in in the A P pavement are not the same d0 and AREA 
that would be obtained if the A layer were n t pre em and 
deflectior1 were mea ured on the bare P surface. To de
termine the PC elastic modulu and the subgrade k value 

1 dastic modulus independent of the AC overlay. the com
puted d0 and AREA of the P slab must each be conected 
to represent the bar PC pavement condition. Furthermore 
different corrections mu t be applied depending n the subgrade 
characterization (dense liquid or ela tic olid) as urned in the 
backcalculation. This is bec~u e the different characteriza
tions produce different deflection basjns for the same input 
modulu values or, conversely, different backcalculated mod
ulus values for the same input deflection basin. 

Deflections were calculated for a factorial of bare PCC slabs 
on grade using the Apollo computer system to solve the Wes
tergaard and Losberg equation · for the dense Liquid and elas
tic solid characterizations. The P slabs ranged from 6 to 
12 in . in thickness and 3 million to 7 million p i in ela tic 
modulus. The ubgrade modulus or k value was held to a 
constant value to produce a wide range of ek or e, values. 
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The PCC slabs were then modeled in BISAR with AC ov
erlay from 1 to 9 in. and £ 11• values from 250 ksi to 1.25 
million p. i. The bare P deflection basins were compared 
with the deflection basins of th overlaid P labs, and the 
needed correction equations were obtained. The general form 
used for all of the models is given in Equation 12. The values 
of the coefficients are given in Table 1. There are a total of 
eight models: a t/0 correction and an AREA correction for 
each of two AOPC bonding conditions and two ubgrade 
characterizations. The corrections obtained are applied to the 
PCC d0 and AREA, as shown in Equations 13 and 14. 

correction = g + h 

* [ D~c * E ~c * D~cc * d g pee 

do ha« = do pee + d0 correction 

AREAb ... = AREApee + AREA correction 

(12) 

(13) 

(14) 

The bare PCC d0 and AREA, determined as described above, 
are the appropriate values to use to determine the PCC elastic 
modulus and dynamic k value or elastic modulus. It must be 
emphasized that the moduli determined in tlri. manner (i.e., 
as if the AC surface were n t present) are not the same moduli 
that the PCC and foundation layers exhibit in the actual AC/ 
PCC pavement structure. The slab E and subgrade k and E 
are not intrinsic properties of either layer, but rather are 
influenced by the entire pavement structure's response to load. 
Th purpo e of this correction is to remove the effect of 
different A overlay thicknesses and stiffnesses so that back
calculated PCC modulus values can be correlated to the extent 
of deterioration. 

Sensitivity to Rigid Layer Beneath Foundation 

This backcalculation method is based on an assumption of an 
infinite subgrade depth. Other researchers (31,32) have noted 
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the sensitivity of various backcalculation procedures to the 
depth and stiffne ·sofa rigid foundation layer. The sen.siti ity 
of this procedure to a rigid foundation la e r was inve tigated 
by taking one of the weake ' t cross secti n previou ly studied 
(2-in. A , E,< = 100 000 p i· 6-in. P , E1..., = 3 million 
psi ; and subgrade E, = 6.000 p i) and determining the effe t 
of BISAR-computed deflections at the AC and PCC surfaces 
with a rigid layer (modulus 250,000 psi) at depths of 5 to 20 
ft. The rigid layer had no effect on the change in d0 between 
the AC and PCC and only a slight effect on the change in 
AREA. The depth to a rigid layer was therefore judged to 
be not sufficiently significant to AC/PCC pavement analysis 
to require an additional correction. 

EXAMPLE OF AC/PCC BACKCALCULATION 
PROCEDURE 

Project Description 

Deflection testing was conducted in September 1989 on a 
9-mi section of 1-70 near Marshall, Illinois, on an 8-in . CRCP 
pavement with a 4.5-in. A overlay. The R P was con
structed in 196 and carried more than three tim its de ' ign 
traffic by the time it was overlaid in 1980. Because of the 
heavy traffic and "D"-cracking aggregate used in the PCC, 
the pavement was severely deteriorated when it was rehabil
itated. 

The original pavement had a 4-in . bituminous-aggregate 
mixture base, but coring showed that the base was largely 
disintegrated and permeated by subgrade (silty clay) fines. 
Modeling the base and subgrade as a single layer thus ap
peared to reasonably represent the foundation conditions. 

The first four basins were measured 10 ft apart in an east
bound section of the project that was rated in good condition 
on the basis of ride quality and visible distress. The second 
four, also 10 ft apart, were measured westbound at the same 
milepost, in a section of the project that was rated in fair to 
poor condition. 

TABLE 1 COEFFICIENTS FOR d0 AND AREA CORRECTION MODELS 

~a b r d e r g h i Ob~ SHE R"2 

BDLDO - 7.7888 3.6934 0.8548 14.9214 -10.7881 -2.2577 -1.5648 2.5484 0.2707 135 0.0547 0.9950 

BDLARBA 1.1524 0.5378 -0.2374 2.0897 2.5639 9.4702 -0.5021 1.7250 1.3439 180 0.0138 0.9949 

B.ESDO 2.3693 1.1245 0.4104 3.3122 -4.0414 -5.0151 -0.0477 0.7400 0.9850 180 0.0056 0.9990 

BESAREA 2.8670 1.3189 -0.7492 3.4096 -5.8091 7.0101 0.5569 184.5114 0.5698 180 0.0145 0.9948 

UDLOO 12.9885 4.3260 -17.4702 29.6353 -70.8581 51.6622 -1.8480 3.0444 0.0675 135 0.0538 0.9940 

UDLARBA 1.7455 0.5138 -2.5830 0.7585 1.5610 4.9433 -0.3607 0.3118 0.8434 180 0.0202 0.9924 

UESDO 2.2074 1.0511 -0.5542 2.0054 -1.5275 -7.7880 -0.2292 2.7547 1.2127 180 0.0070 0.9988 

UESAREA 3.4949 1.4440 -1.4457 3.8288 -5.7058 8.9962 0.6607 35.0914 0.4809 180 0.0275 0.9902 

• For BDLDO Eac, in million psi 
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AC Elastic Modulus 

The A ' mix temperature was moni.tored during d flection 
testing by drilling holes to the middepth Of the (WCrlay , in
serting liquid and a temperature probe , and allowing the tem
pe ra ture to tabilize before reading. The mix temperature 
varied from 66°F at 9 a. m. to 90°F at 3 p.m .. as shown in 
Figure 7. Resilie nt moclulu testing done later on cores from 
the AC surface indicated modulus values of about 1.2 million 

psi a l 70°F and 520,000 psi at 90°F. The temperature-modulu 
relationship . hown in Figure 6 wa u ed to a ign a modulus 
of 670 000 p i (a t 84°F lo the fir t fo ur ba ·ins and 615 ,000 
psi (at 86°F) to the. econd four ba in . 

TEMPERATURE,"F 

Backcalculation of PCC and Foundation Moduli 

Table 2 gives the backcalcula tion re ults for the eight deflec
tion basins (with all defl ections cal d to a 9,000-lb load) . 

1oo r-~~~~~~~~~~~~~~~~~~~~~~~~~~--. 

90 

80 

70 

60 

50 f--~--t~~-r~~-r~~-1-~~--i-~~--i-~~-;-~~-i-~~;--~--t 

7:00 8:00 9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00 
TIME 

FIGURE 7 Variation in air, surface, and AC mix temperature during detlection 
testing for 1-70 example. 

TABLE 2 BACKCALCULJ\.TlON RESULTS FOR I-70 EXAMPLE 

DGNSEUQUID 1!1.ASTICSOUD DBNSE UQOlD liLASl'IC SOLID 

CORRECTED CORRECTED 

MP& AC AC change PCC PCC PCC PCC PCC PCC 

DIR AC/PCC dO AREA indO dO AREA dO AREA lk dO AREA le Epcc k Epcc Ee 

(mils) (in) (mils) (mils) (In) (mils) (in) (in) (mils} (in) (in) (Mpsl) (!Kil (Mpsl) (p, I) 

154 E BONDED 4.54 27.16 0.28 4.26 28.57 3.00 28.24 27.62 4.55 29.67 23.18 6.40 480 4.69 24661 

4.98 27.96 0.28 4.70 29.29 3.56 29.0l 30.10 5.07 30.15 25.77 6.43 342 5.20 19872 

5.88 28.24 0.28 5.60 29.37 4.90 29.27 30.94 6.29 30.77 27.01 4.94 235 4.60 15287 

5.82 28.40 0.28 5.54 29.55 4.79 29.45 31.58 6.18 30.92 27.61 5.27 231 4.89 15201 

154 E UNBONDED 4.54 27.16 0.46 4.08 29.52 2.47 29.31 31.08 3.86 30.25 25.05 9.91 463 6.42 26753 

4.98 27.96 0.46 4.52 30.18 2.93 29.98 33.74 4.32 30.92 27.61 9.85 332 7.00 21759 

5.88 28.24 0.46 5.42 30.12 3.95 29.94 33.55 5.23 30.89 27.48 7.23 249 5.n 18048 

5.82 28.40 0.46 5.36 30.31 3.87 30.13 34.39 5.17 31.07 28.29 7.76 242 6.13 17734 

154W BONDED 7.58 22.97 0.31 7.27 23.71 JO.DI 23.58 18.59 10.92 26.93 17.16 0.85 312 1.07 13919 

7.51 21.79 0.31 7.20 22.48 10.47 22.28 17.02 11.58 26.16 15.99 0.68 354 0.88 14109 

8.78 22.65 0.31 8.47 23.27 15.33 23.31 18.25 14.97 27.65 18.41 0.54 211 0.90 9450 

7.39 23.94 0.31 7.08 24.74 8.93 24.64 2.0.10 9.89 27.50 18.14 1.13 301 1.32 1452.5 

154W UN BONDED 7.58 22.97 0.50 7.08 24.16 7.03 23.95 19.10 6.96 2.5.12 14.65 1.29 421 1.23 25681 

7.51 21.79 0.50 7.01 22.90 7.44 22.69 17.49 6.90 23.91 13.33 1.01 472 1.03 28578 

8.78 22.65 0.50 8.28 23.65 9.16 23.46 18.44 8.22 24.74 14.20 0.92 347 0.98 22460 

7.39 23.94 0.50 6.89 25.23 6.43 25.03 20.73 6.76 26.15 15.98 1.66 394 1.51 24192 
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Because the AC and PCC were debonded in 15 of the 16 
cores taken on this project, the backcalculated values cor
responding to the unbonded interface assumption are, in this 
case, considered to be more realistic. 

It is evident that the PCC in the eastbound section is in 
much better condition than in the westbound section. The 
eastbound CRCP modulus values are about 5.5 million to 8.5 
million psi, whereas the westbound CRCP modulus values 
are all less than 1.5 million psi. Obviously, such low modulus 
values are unreasonable for sound PCC, and they suggest that 
the PCC is severely deteriorated because of "D" cracking. 
Although this entire mile of the project was rated in fair 
condition on the basis ofride quality and distress observations, 
the deflections shown in Table 2 were measured at locations 
where the AC overlay was uncracked. This is consistent with 
the results of the subsequent coring operation: at locations 
where exceptionally high deflections were measured, the 
underlying PCC was invariably deteriorated. This was true 
even at locations with little or no distress visible at the AC 
surface. 

Comparison with Other Backcalculation Results 

Table 3 gives the backcalculation results obtained for the eight 
deflection basins using MODULUS, a program recently de
veloped at the Texas Transportation Institute under NCHRP 
Project 10-27 (12), which generates a matrix of solutions for 
ranges of layer moduli and selects the combination that pro
duces deflections most closely matching the measured de
flections. 

The AC modulus was restricted in MODULUS to a fairly 
narrow range of 600 to 700 ksi, which encompasses the values 
used before: 670 ksi for the first four deflection basins and 
615 ksi for the second four basins. The version of MODULUS 
used to analyze these data assumed full bond between the 
AC and PCC layers. 

MODULUS consistently assigned the minimum allowable 
value of 600 ksi to theAC layer. The values obtained for the 
PCC are similar to those obtained before when the AC and 
PCC were assumed bonded: about 2 million to 4 million psi 
for the eastbound basins, and less than 1 million psi for the 

TABLE 3 BACKCALCULATION RESULTS FROM 
MODULUS FOR 1-70 EXAMPLE 

ACJPCC mp dir no Eac Epcc 
(psi) (million psi) 

Bonded 154.0 E 1 600,000 2.9 

2 600,000 4.2 

3 600,000 3.2 

4 600,000 2.6 

Bonded 154.0 w 1 600,000 0.51 

2 600,000 0.60 

3 600,000 0.39 

4 600,000 0.81 

Eaub 
(psi) 

27,200 

21,500 

17,800 

18,700 

22,900 

24,300 

20,100 

20,800 
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westbound basins. These values are of interest for comparison 
with those obtained by the new procedure, but the higher 
PCC modulus values backcalculated under the assumption 
that the AC and PCC are not bonded are considered to be 
more realistic. 

An attempt to allow MODULUS to backcalculate the AC 
modulus within a broader range produced significantly lower 
moduli for the AC (about 450 ksi for the first four basins and 
125 ksi for the second four basins) and correspondingly higher 
PCC moduli (in excess of the selected maximum of 4 million 
psi for several basins). The 325-ksi drop in modulus attributed 
to the AC by the MODULUS program was not considered 
reasonable considering (a) the rise of only 2°F in measured 
AC mix temperature that occurred during the time that the 
deflections were measured and (b) the modulus values ob
tained for the same temperature range from laboratory tests 
on the AC cores. 

Assumptions in Backcalculation 

The results of backcalculation by any method should be viewed 
in the light of the inherent assumptions concerning the pave
ment layers. For the AC/PCC backcalculation procedure de
scribed here , the assumptions include characterization of the 
AC as an elastic layer, the PCC as a plate (an elastic layer 
that exhibits pure bending without shear deformation), and 
the foundation as either a bed of springs or an elastic solid. 
These are certainly simplifications of the true nature of the 
layer properties. The most obvious violation of these as
sumptions is the attribution of plate bending behavior to se
verely " D" cracked PCC, which may have more in common 
with a granular base than with a sound PCC slab. The ex
tremely low backcalculated values that result should not be 
interpreted as the true stress-strain response of the PCC as a 
homogeneous elastic layer, but rather as an indication of the 
extent to which its behavior departs from that of a sound slab 
(i.e., the extent of the PCC's deterioration). The ability to 
diagnose the condition of the PCC from deflection measure
ments is particularly valuable in evaluation of AC/PCC pave
ments , because the extent of the deterioration of the PCC is 
often not fully evident from visible distress. 

SUMMARY AND CONCLUSIONS 

The development of a simple and straightforward procedure 
for backcalculation of AC/PCC pavement layer moduli was 
described. The procedure relies on knowledge of the AC 
surface modulus based on AC mix temperature at the time 
of deflection testing. Adjustments to the deflection basin mea
sured at the AC surface are made to determine the deflection 
basin induced in the PCC layer. The PCC deflection basin 
may then be used to predict the deflection basin that would 
be measured without the AC layer present. The backcalcu
lated PCC modulus determined in this manner, independent 
of the effect of the AC overlay, may then be used as an 
indicator of the extent of deterioration in the PCC. 

Assignment of the AC modulus on the basis of mix tem
perature at the time of deflection testing is necessary to avoid 
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backcalculating incorrect values for the PCC modulus and 
thus misinterpreting the condition of the PCC. Other re
searchers have noted that the solutions to multilayer back
calculation problems are not unique. Thus, it is possible to 
obtain good matches between measured and predicted de
flections for AC modulus values that are clearly inconsistent 
with the conditions existing at the time of deflection testing. 

The example presented indicates that the AC/PCC back
calculation procedure described produces reasonable results 
that are consistent with those obtained using another back
calculation routine considered to be reliable. 

An important feature of the AC/PCC pavement backcal
culation procedure described here is its ability to identify areas 
in which the underlying PCC is deteriorated . This information 
is crucial to decisions that must be made for second rehabil
itation, including division of the project into uniform sections, 
identification of areas requiring repair, selection of an overlay 
type or other rehabilitation alternative, and ~ecuml overlay 
design. 
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Detection and Determination of Depth of 
Rigid Bottom in Backcalculation of Layer 
Moduli from Falling Weight 
Deflectometer Data 

A. S. M. MusTAQUE HossArN AND JoHN P. ZANIEWSKI 

A uew approach has been uevelupeu tu Lletect tl1e presence of a 
rigid layer at a shallow depth below the pavement using falling 
weight deflectometer (FWD) deflection data. A parameter, 
SLOPE, has been derived from the sixth and seventh sensor 
deflection values by applying Boussinesq's linear elastic ideali
zation to pavement systems under quasi-concentrated FWD load. 
Typical values of SLOPE have been determined that indicate the 
presence of a rigid bottom at a shallow depth. The depth of such 
a rigid layer was determined by matching the outer sensor de
flections corresponding to an estimated subgrade modulus with 
an elastic layer analysis program and a gradient-based optimi
zation routine. The detection and depth determination procedure 
were verified using FWD measurements, cone penetration results 
and drilling records on 13 in-service pavements in Arizona, and 
existing results from manual backcalculation analysis. Satisfactory 
agreement was observed between the results of this study and 
results from manual backcalculation analysis. The rigid layer de
tection and depth determination procedures have been coded in 
a computer program, Arizona Deflection Analysis Method. 

Most backcalculation methods for determination of layer moduli 
from deflection basins assume a semi-infinite subgrade. 
McCullough and Taute (1) showed that the presence of a rock 
layer at a finite depth below the pavement can significantly 
affect theoretical Dynaflect deflection basins. Bush and Alex
ander (2) assumed a rigid bottom at a depth of 240 in. for 
evaluation of in situ moduli from their deflection basin match
ing program. Wiseman et al. (J) used finite subgrade thickness 
for their study of nondestructive testing evaluation of pave
ments. Mamlouk ( 4) and Sebaaly (5) arbitrarily selected the 
depth of the rigid bottom for dynamic analysis of Road Rater, 
Dynaflect, and falling weight deflectometer (FWD) deflection 
basins. Uddin et al. (6) proposed a method for estimation of 
the depth of the rigid bottom by dynamic analysis of FWD 
deflection data. However, no further use of Uddin's method 
has been reported in the literature. Ullidtz (7) reported that 
ELMOD can detect and estimate the depth of the rigid bot
tom. Yazdani and Scullion (8) reported an experimental pro
gram at Texas Transportation Institute using a multidepth 
deflectometer for monitoring pavement response. A com
parison of measured deflections with calculated deflections 
indicated that a better match was obtained between the two 
sets when the calculated deflections for the pavement system 
with a rigid bottom at 240 in. were used. 

College of Engineering and Applied Sciences, Arizona State Uni
versity, Tempe, Ariz. 85287. 

Thus, it is apparent Lhal ueleclion and delerrninalion of Lhe 
depth of the rigid bottom, when present at a relatively shallow 
depth, is an important part of a backcalculation scheme. An 
approach is presented for the detection of a rigid layer and 
the estimation of its depth from the top of the subgrade using 
an FWD deflection basin. 

DEFINITION OF RIGID BOTTOM 

The rigid bottom, in general, implies the presence of a very 
stiff layer at some depth below the pavement. In backcalcu
lation, the subgrade is usually characterized as a single uni
form layer of infinite thickness in the vertical direction. How
ever, subgrades usually consist of layers of different materials. 
Mamlouk et al. (9) found, through an analysis of cone pen
etration data on a number of in-service pavement subgrades, 
that for several of the pavements there was a rigid bottom or 
"hard rock" basalt or limestone layer underlying the pave
ment at a finite depth. In most cases the cone penetration 
data exhibited "medium hard" layers at various depths, some
times reverting to relatively soft layers beneath the medium 
hard layers. In a few cases, nothing that could even be called 
medium hard was encountered within 25 ft of drilling or cone 
penetration. Figure 1 shows the typical layered profile of 
subgrade modulus versus depth determined from cone pen
etration data using the concept of a minimum modulus cal
culated from cone penetration resistance (9). The moduli val
ues were calculated on the basis of correlation among modulus, 
soil type, and cone tip resistance. The minimum modulus 
refers to the minimum subgrade modulus encountered in the 
profile. Figure 1 indicates a remarkable variation of subgrade 
modulus with depth. Thus, treatment of the subgrade as a 
single layer in backcalculation requires representing the mod
uli of several strata in the subgrade with a single composite 
or equivalent modulus value. 

In this study, the rigid bottom refers to the layer in the 
subgrade in which deformation due to the applied FWD load 
is essentially zero. The situation might occur because of the 
presence of an incompressible rock layer or a very hard clay 
layer in the subsurface. The interface between the subgrade 
and the rigid layer is considered to be rough (i.e., full con
tinuity exists across such an interface). 



Hossain and Zaniewski 

I 

r-. 
_µ -iO 
L 

'-' 

L 

I 
OJ 
Q_ 

~ -15 

-20 

-25 +------,---+--1----,---.,------\ 
a 

E/Em1n 

FIGURE 1 Typical layered profile of the subgrade 
(9). 

CONSIDERATION OF RIGID BOTTOM IN 
BACKCALCULATION 

10 

The semi-infinite subgrade is an inherent assumption in elastic 
layer theory for a number of backcalculation processes. For 
example, the BKCHEVM (9) backcalculation program uses 
CHEVRON (10) as the elastic layer analysis program. In this 
scheme the subgrade is usually assumed to be semi-infinite. 
However, the BKCHEVM program automatically introduces 
a rigid bottom 240 in. below the top of the subgrade whenever 
it detects a rigid bottom on the basis of the seventh sensor 
deflection value. This detection procedure is arbitrary and not 
rational. 

The BKCHEVM program was used to backcalculate layer 
moduli for three typical pavements (weak, medium, and stiff) 
with finite depths of subgrade. Inputs to the program were 
the simulated deflection basins obtained from CHEVRON 
for a 9,000-lb load applied on a plate 11.8 in. in diameter on 
pavements with layer moduli and thicknesses given in Tables 
1 and 2. Poisson's ratios of 0.30, 0.40, 0.40, and 0.45 for the 
asphalt concrete (AC), base, subbase, and subgrade layer 
materials were assumed. 

Tables 1 and 2 show the layer types, thicknesses, and actual 
and backcalculated layer moduli for different pavement types 
with finite and infinite depth of sub grade, respectively. Table 
1 indicates that the differences between the BKCHEVM
backcalculated and known layer moduli for different layers 
vary from 14 to 167 percent for pavements with finite depth 
of subgrade. Table 2 indicates that for infinite depth of subgrade, 
the differences between backcalculated and known layer mod
uli are relatively small. For medium and weak pavements, the 
differences range only from 0.0 to 7 .0 percent, whereas for 
stiff pavement, a 100 percent difference was encountered. 
Thus, it is evident that for infinite depth of subgrade, 
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TABLE 1 COMPARISON OF KNOWN AND 
BACKCALCULATED LAYER MODULI FOR PAVEMENTS 
WITH FINITE DEPTH OF SUBGRADE 

Pavement Layer/ Thickness Known 

Type Type1 (in) Modulus 

(ksi) 

Weak 1/AC 3.0 250 

2/AB 4.0 20 

3/SM 9.0 10 

4/SG 240 

Medium 1/AC 4.0 450 

2/AB 4.0 30 

3/SM 12.0 20 

4/SG 240 10 

Stiff 1/AC 6.0 650 

2/AB 4.0 40 

3/SM 9.0 25 

4/SG 120 

Seed 

Modulus 

(ksl) 

350 

40 

30 

8.6 

350 

40 

30 

16.5 

350 

40 

30 

20.2 

Backcalc. 

Modulus 

(ksi) 

70 

44 

6.7 

100 

80 

17.2 

13,6 

1.000 

80 

10 

13.2 

1 AC: Asphalt Concrete, AB: Aggregate Base, SM: Select Material, SG: Subgrade. 

2 Diff (%) = (Eknown - Ebackcalc)/Eknown x 100 

TABLE 2 COMPARISON OF KNOWN AND 

Diff.2 

(%) 

72.0 

-120.5 

30.0 

-33,6 

77.8 

-166.7 

14,l 

-36.1 

-53.9 

-100.0 

60.0 

-88.7 

BACKCALCULATED LAYER MODULI FOR PAVEMENTS 
WITH INFINITE DEPTH OF SUBGRADE 

Pavement Layer/ Thickness Actual Seed Backcalc. 

Type Type1 (in) Modulus Modulus Modulus 

(ksi) (ks i) (ksi) 

Weak 1/AC 3.0 250 350 235.8 

2/AB 4.0 20 40 21.4 

3/SM 9.0 10 30 10 

4/SG s-i 4.99 

Medium 1/AC 4.0 450 350 450.4 

2/AB 4.0 30 40 30.1 

3/SM 12.0 20 30 19.9 

4/SG s-i 10 9.6 10.0 

Stiff 1/AC 6.0 650 350 591.1 

2/AB 4.0 40 40 80 

3/SM 9.0 25 30 17.8 

4/SG s-i 6.8 7.1 

s-i; semi-infinite subgrade 

1 AC: Asphalt Concrete, AB: Aggregal~ Base, SM: Select Malerial, SG: Subgrade. 
2 Diff (%) = (Eknown - Ebackcalc)/Eknown x 100 

Diff.2 

(%) 

6.0 

7.0 

0.0 

0.0 

0.08 

0.33 

0.50 

0.00 

9.06 

100.0 

28.8 

2.1 

BKCHEVM can predict layer moduli with reasonable accu
racy for weak and medium pavements. 

Jung (11) has shown that the accuracy in the calculation of 
the moduli of the layers above the subgrade is not important 
as long as the combined effect of the moduli in transmitting 
forces to the subgrade remains unchanged. To verify the re-
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sponse of the pavement at the critical location, horizontal 
tensile strain was calculated with CHEVRON at the bottom 
of the AC layer corresponding to an 18-kip axle load and 100-
psi tire pressure for the known and backcalculated pavement 
systems. Tnhle 1 shows the compnrison of tensile strnins rnl
culated at the bottom of the AC layer for known and back
calculated pavement layer moduli for different pavement types 
and subgrade conditions. The table also shows the number of 
18-kip equivalent single-axle loads (ESALs) to be carried by 
the pavement before fatigue failure, computed from the fa
tigue criteria developed by Mamlouk et al. (9): 

N = 9.33 X 10- 7 (1/eac)3-84 

where N is the theoretical number of 18-kip ESAL repetitions 
until fatigue failure and eac is the tensile strain at the bottom 
of the AC layer (in microinches per inch). 

It is evident that the difference between the asphalt strain 
corresponding to known layer moduli and the asphalt strain 
corresponding to backcalculated layer moduli was smaller for 
infinite depth of subgrade. Consequently, the number of 18-
kip ESALs to be carried by the backcalculated pavement 
systems before fatigue failure does not vary widely from values 
corresponding to known layer moduli. The maximum differ
ence of 14 percent was for stiff pavement. For finite subgrades, 
however, the differences between the strain corresponding to 
backcalculated layer moduli and the strain corresponding to 
known layer moduli vary from 30 to 49 percent. The differ
ences are magnified when the number of 18-kip ESALs that 
can be carried by the pavements is computed by using the 
fatigue criteria developed by Mamlouk et al. (9). The differ
ences in computed traffic range between 288 and 1,249 per
cent. The large differences are attributable to the error re
sulting from inaccurate determination of the thickness of the 
subgrade. Detection and accurate prediction of the depth of 
rigid bottom are important prerequisites for a better back
calculation scheme. 

DETECTION OF RIGID BOTTOM 

Ullidtz (7) has shown that at distances larger than twice the 
load radius, a distributed uniform load may be treated as a 
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point load. Then, by using Boussinesq's equation, the surface 
modulus or the "weighted mean modulus" of the elastic half
space idealization of the pavement system can be computed 
from the surface deflections: 

E,m(O) = 2(1 - v2 )aa/d(O) (1) 

and 

(1 - v2)aa2/[rd(r)] (2) 

where 

E,m(r) = surface modulus at distance r from the center of 
the loading plate, 

v = Poisson's ratio (0.35), 
a = contact stress under the loading plate, 
a = radius of the loading plate, 

d(r) = deflection at distance r, and 
r = radial distance from the center of the loading plate. 

The surface modulus at distance r roughly reflects the sur
face modulus at the equivalent depth. In FWD testing, it is 
assumed that the outermost deflections (sixth and seventh 
sensors at 12-in. spacing of sensors) are completely controlled 
by the subgrade. Therefore, the computed surface moduli 
corresponding to these sensor deflections reflect the contri
bution of the sub grade. According to Ullidtz (7), if the surface 
moduli (E,m6 and E,m7 ) calculated at the sixth and seventh 
sensor locations are identical, the subgrade response is linear, 
that is, 

SLOPE = (E,m7 - E,m6)/E,m7 x 100 = 0 (3) 

This equality implies that the response of subgrade material 
is linear with depth and that there is no rigid layer at a shallow 
depth. But if (E,m7 - E,m6)/ E,m7 X 100 cf= 0, the response 
is nonlinear. The nonlinearity might occur because of the 
nonlinear behavior of subgrade material, the presence of a 
rigid layer at a shallow depth, or both. 

The subgrade material is generally known to be nonlinear 
(12). But it is hypothesized that if the applied load is repeated 
several times, the effect of nonlinear response due to the 

TABLE 3 COMPARISON OF AC STRAIN AND NUMBER OF 18-
KIP ESALs CORRESPONDING TO KNOWN AND 
BACKCALCULATED LA YER MODULI FOR DIFFERENT 
PAVEMENT TYPES AND SUBGRADE THICKNESSES 

Pavement Subgrade Known Backcalc Di ff 
. 

Nknown Nbackcalc Di ff 
. 

Type Type Slrain Slrain 
(micro (micro (%) (mil- (mil- (%) 
in/in) in/in) lions) lions) 

Weak Finile 739.0 375.97 49,12 0.98 13.23 -1249 

Infinite 739.0 730.04 1.2 0.98 1.03 -5.10 

Medium Fini Le 354.3 235.33 33.58 16.6 80.00 -382.0 

Infinite 354.3 356.57 -0.64 16.6 16.20 2.41 

Stiff Finilc 186.73 131.2 9,73 194.3 753.1 -287.6 

Infinite 186.73 170.42 8.73 194.3 166.8 14.41 

Diff (%) = (Known-Backcalc)/Known x 100 
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subgrade material will be reduced. Kasianchuck and Argue 
(13) showed that the nonlinear load-deflection behavior of a 
subgrade during the initial loading of a repeated plate load 
test becomes linear when the load is repeated (Figure 2). This 
is evidence that the stress-strain behavior of the subgrade 
becomes linear after repeated traffic loadings. 

Mamlouk et al. (9) studied the material nonlinearity and 
stress sensitivity due to FWD loads of the materials of several 
in-service pavements in Arizona. They found that within the 
stress range of the FWD tests, the effect of material nonlin
earity is negligible compared with the effect of spatial vari
ability in material properties. In other words, the "error" in 
an FWD deflection measurement resulting from assuming lin
earity would be insignificant compared with random varia
bility for the subgrades studied. However, for this study the 
behavior of subgrade and pavement materials was assumed 
to be linear and elastic. Even with these assumptions, the 
nonlinearity in the subgrade response due to the presence of 
a rigid layer at a shallow depth can be significant. Figure 3 
shows the effect of the presence of a rigid layer at a shallow 
depth on the surface moduli for different categories of pave
ments with assumed linear subgrade material. The effect of 
the presence of a rigid layer decreases as the depth of the 
rigid layer increases. At a certain depth, the rigid layer no 
longer influences pavement response. This critical depth var
ies with the pavement stiffness. 

Table 4 shows the values of SLOPE for linear subgrade 
material corresponding to different depths of the rigid layer. 
It is evident that for all pavement types, as the depth of the 
rigid layer increases, SLOPE decreases. For shallow rigid 
layers and very stiff pavements, SLOPE becomes negative. 
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The negative SLOPE value implies a positive nonlinearity of 
the subgrade response, and it happens often with thick pave
ment structures in which the FWD sensors are too close to 
the load. This was observed by Ullidtz (7). For a very deep 
layer, SLOPE should be zero (Figure 4). SLOPE values for 
different pavements vary depending on the thickness and moduli 
of the layers, especially the subgrade modulus. 

Figure 5 shows the relationships between SLOPE and depth 
of rigid layer for different subgrade moduli for a medium stiff 
pavement. It is evident that the same pavement has different 
SLOPE values corresponding to a single depth of rigid layer 
but different subgrade moduli. Thus, the SLOPE value is a 
nonunique parameter for detection of a rigid layer, because 
it is also affected by the subgrade modulus. However, it is 
possible to develop typical values of SLOPE to detect the 
rigid bottom empirically. 

Table 5 shows the matrix of pavements used in the analysis. 
The matrix has eight factors each at three levels, yielding 38 

= 6,561 pavement structures. These structures were used to 
generate values of SLOPE for different pavement types with 
semi-infinite subgrade. A calculated SLOPE from any FWD 
basin falling outside this range would be attributed to the 
presence of a rigid layer at a relatively shallow depth. To 
generate simulated deflection basins, a uniform circular load
ing of 9,000 lb with a diameter of 11.8 in. was used. Deflec
tions were calculated with CHEVRON (10) at the load center 
and at six other locations at a uniform spacing of 12 in. 

SLOPE for each pavement was calculated from Equation 
3. Pavements with a subgrade modulus of 3,000 psi were 
excluded from the analysis because none of the pavements in 
Arizona analyzed by Mamlouk et al. (9) has subgrade modulus 
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FIGURE 2 Typical load-deflection diagram from repetitive plate load test (13). 
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WEAK PAVEMENT MEDIUM PAVEMENT STIFF PAVEMENT 

Radial Distance (In) Radial Distance (In) Radial Distance (in) 

0 12 24 36 48 60 72 0 12 24 36 48 60 72 0 12 24 36 48 60 72 
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FIGURE 3 Effect of the presence of a rigid layer on the surface moduli of different types of pavements. 

TABLE 4 VALUES OF SLOPE FOR DIFFERENT 
PAVEMENT TYPES AND DEPTHS OF RIGID LA YER 

Pavement Type o1(inch) SLOPE(%) 

Weak 60 

(3" AC) 120 33.16 

180 18.98 

240 13_74 

300 11.02 

360 9.38 

Medium 60 36.7 

(7" AC) 120 15.91 

180 9.3 

240 6.26 

300 4.45 

360 3.58 

Stiff 60 16.3 

(14" AC) 120 6.56 

180 2.55 

240 0.35 

300 -1.19 

360 -1.63 

1 Deplh to the rigid layer. 

less that 6,500 psi and because the frequency analysis of the 
seventh sensor deflections from FWD measurements on the 
Arizona highway system indicated stiffer subgrades for Ari
zona (14). Table 6 shows the summary statistics for SLOPE 
for different pavement types. On the basis of the range of 
values in Table 6, the following guidelines were selected to 
indicate semi-infinite subgrade or linear subgrade response: 

For 3 in. s TAc < 6 in., 0.22 s SLOPE< 4.47 

For 6 in. s TAc < 10 in., -0.65 s SLOPE< 7.27 

For 10 in. s TAc, -3.16 s SLOPE< 7.80 
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FIGURE 4 Influence of depth of rigid layer on SLOPE for 
different types of pavements. 
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FIGURE 5 Relationship between SLOPE and depth of rigid 
layer for different subgrade moduli for medium stiff pavement. 

For any pavement, if the SLOPE calculated from the sixth 
and seventh sensor deflections in FWD testing falls outside 
these ranges, there must be a rigid layer below the pavement 
at a shallow depth. The presence of this layer makes the 
subgrade response nonlinear, as the SLOPE value shows. 
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TABLES PAVEMENT MATRIX USED FOR SIMULATED 
DEFLECTION BASIN GENERATION 

FACTORS 

LEVELS TAC TAB TsM D EAC EAB EsM EsG 

(in) (in) (in) (in) (ksi) (ksi) (ksi) (ksi) 

(l)LOW 3.0 4.0 9.0 120 100 15 10 3 

(2)MED 6.0 4.0 12.0 240 450 30 20 

(3)HIGH 10.0 6.0 18.0 s-i 850 50 30 14 

Note: 1) D: Oeplh lo Rigid Layer, s-i: semi-inCinite subgrade 

2) AC: Asphalt Concrete, AB: Aggregale Base, SM: Select Material/ Subbase, SG: 

Subgrade 

TABLE 6 SUMMARY STATISTICS FOR SLOPE FOR 
PAVEMENTS WITH SEMI-INFINITE SUBGRADE 

Pavemenl Type Statistic SLOPE 

Weak (3"AC) Mean 2.83 

Sid . Dev, 0.807 

C.V.(%) 37.0 

Range 0.22 - 4.47 

Medium (6"AC) Mean 3.41 

Std. Dev. 1.40 

C.V.(%) 64.0 

Range -0.65 - 7.27 

Stiff (lO"AC) Mean 2.69 

Sid. Dev. 2.24 

C.V.(%) 101.0 

Range -3.16 - 7.8 

However, a negative SLOPE value should be treated with 
caution. Positive nonlinearity, evident from the negative SLOPE 
value, might indicate that the pavement is too stiff to apply 
the "surface modulus" concept and that the remote deflection 
sensors should be moved further away from the load. 

VERIFICATION WITH FIELD DATA 

The recommended values of SLOPE for detection of a rigid 
bottom were tested by using FWD deflection data for the 
Arizona pavements given in Tables 7 and 8. Table 9 shows 
the results of the analysis. The method accurately predicted 
the presence of a rigid layer in almost all cases. Of the 22 
deflection basins evaluated, 19 were correctly classified with 
respect to the rigid bottom determination. This is acceptable 

TABLE 7 TEST SITES AND PAVEMENT TYPES 

Sile LocaLion Route Mile Posl Pavemenl Type 

Benson llOW 300.07 5-layer 

Winslow 140E 260.21 4-layer 

Minnetonka 140E 261.78 4-layer 

5 Dead River 140E 317.06 4-layer 

Flagslaff 117N 337.00 4-layer 

Crazy Creek 140E 323.78 4-layer 

9 Sunset Point 117N 251.41 5-layer 

10 Seligman 140W 131.71 4-layt!r 

12 Benson East llOW 303.00 4-layer 

14 Jacob Lake US89AN 578.00 4-laycr 

18 Morristown US60W 120.00 4-layer 

19 McNary US260E 369.00 5-layer 

20 }(jngman !40E 59.00 4-layer 

because of the empirical nature of the approach. Site 711 was 
identified as having semi-infinite subgrade, and the depth of 
the rigid layer computed by manual matching was 300 in. 
Because this pavement has an AC thickness of 8.0 in. with a 
6-in. cement-treated base, 300 in. of subgrade can be inter
preted as a semi-infinite subgrade. 

DETERMINATION OF DEPTH OF RIGID 
BOTTOM 

As defined earlier, the depth of the rigid layer refers to the 
depth of a stiff layer below the subgrade. The subgrade mod
ulus is assumed to reflect the composite modulus or equivalent 



TABLE 8 LA YER TYPE AND THICKNESS AT DIFFERENT 
SITES 

Sue/ l.i!ml LilllC2 l.;!)ll[ J Li\)l:[ 4 L:a~l ~ 
Sta Mat Thk Mat Thk Mat Thk Mat Thk Mat Thk 

( in ) (in) (in) (in) ( in) 

1/1 AC BS 2.5 AB SB 12 SC-SM . 
3/1 AC 12 BTB 3 SB s SM . 
4/1 AC 11.5 BTB 2 SB 3 SM . 
5/1 AC CTB 4.5 SB SM 

6/1 AC AB SB 12 . 
7/1 AC CTB SB SM 

9/1 AC BS SB 26 SGS CL-CH
0 

-. 
10/1 AC AB 6 SB 24 CH 

12/1 AC AB SB 18 SC-SM
0 

-. 
14/l AC BS AB SC-CH 

18/1 AC 4.25 AB SB 15 

19/ 1 AC 48 BS 2.2 AB SB 6 

20/1 AC 9.5 AB SB 15 

Subgrade Classificalion based on Unified Method. 
Nole: AC: Asphall ConcreLe, BS: Bituminous Surface, BTB: Bituminous Treated Base, CTB: Cement 

Treated Base, AB: Aggregate Base, SGS: Subgrade Seal, SB: Sub Base (Select Material) 

TABLE 9 RESULTS OF USING SLOPE TO DETECT RIGID 
BOTTOM (FWD DEFLECTION DATA) 

Site/Sta TAc(in) SLOPE(%) Rigid Bollom 1 D2(in) 

1/1 7.0 10.00 YES 140 

3/1 120 -7.37 YES S.inf 

3/7 12-5 2.86 NO S.inf 

4/1 11.5 2.86 NO S,inf 

5/1 8.0 20.00 YES 85 

5/4 8,0 17.89 YES 82 

6/1 9.0 20.00 YES 60 

7/1 8.0 3.23 NO 300 

7/4 6.25 0.69 NO S,inf 

9/1 60 15.29 YES 72 

10/1 6.0 12.70 YES S.inf 

10/7 6.5 0.80 NO S,inf 

12/1 6.0 7.69 YES 100 

14/4 9.0 7.57 YES 120 

18/l 4.25 0.0 NO S.inr 

18/4 4.25 6.15 YES 120 

19/1 4.8 8.15 YES 240 

19/4 4 8 10,93 YES 240 

20/1 9,5 ·2,58 YES 150 

1 Rigid bollom detected based on the va lue of SLOPE 

2 Values are afler Mamlouk cl al . (2) 
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modulus of the materials between the bottom of the pavement 
structure and the rigid layer. The moduli of the pavement 
layers above the subgtade do not contribute much toward the 
deflections measured at the outermost sensors (7). Again, 
deflections at the sixth and seventh sensor locations calculated 
from elastic layer theory are highly affected by the presence 
of a rigid layer at a shallow depth, as shown in Table 10. 
Thus, when finding the depth of rigid layer corresponding to 
an equivalent subgrade modulus, estimated values from 
regression equations can be assigned to the upper layer moduli 
(14). 

The thickness of subgrade can be found by minimizing the 
error between the measured and calculated deflection values 
at the sixth and seventh sensor locations. An objective func
tion can be defined as 

" 
minimize f = L W;[(~i - M)l~j]2 (4) 

with 

where 

f = 
w, = 

~7' = 

M= 
D= 

DL = 

nu 
n= 

i=l 

squared error, 
weighting factor for Sensor i (1 for Sensor 6 and 2 
for Sensor 7), 
measured deflection at Sensor i, 
calculated deflection at Sensor i, 
thickness of the subgrade, 
lower limit of thickness of the subgrade, 
upper limit of thickness of the subgrade, and 
number of sensors = 2 (i.e., the sixth and seventh). 

TABLE 10 EFFECT OF RIGID BOTTOM ON SIMULATED 
DEFLECTION VALUES 

Pavemenl D Difference in De fl eel ions for Sensor No.(%) 

Type (iaj 

Weak 360' 

180 15 22 29 37 

60 20 26 40 59 78 95 

Medium 

180 9 15 15 20 24 29 

60 37 31 40 51 62 72 82 

Stiff 

180 23 10 15 21 24 27 

60 42 39 36 47 55 61 68 

• Defleclions corresponding lo D = 360 in. have been Laken as sLandarc..ls, 
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Equation 4 can be rewritten as 

n 

minimize f = L W1(l - M1~7')2 (5) 
i=l 

with 

Equation 5 is minimized by OPTECH (15), a powerful and 
efficient gradient-based technique for constrained nonlinear 
function optimization that converges rapidly and uses both 
function and gradient of the function information. 

Because the effect of subgrade modulus on the sixth and 
seventh sensor deflection values is significant, an accurate 
estimation of subgrade modulus is required before calculating 
the thickness of the sub grade or depth of the rigid layer. Two 
approaches were investigated for estimating the equivalent 
subgrade modulus: (a) empirical study of simulated deflection 
basins and (b) correlation with the resistance or R values of 
subgrade soils determined in the laboratory (AASHTO T190). 

Empirical Study of Simulated Deflection Basins 

Uddin et al. (6) estimated the subgrade modulus from the 
fifth sensor deflection of the Dynaflect, and Ullidtz (7) esti
mates subgrade modulus with the seventh sensor deflection 
value of the Dynatest FWD, which is valid only for semi
infinite subgrade. Because the deflection value measured by 
the seventh sensor is very small in magnitude, a small variation 
in measurement at this location results in a large error in the 
estimation of subgrade modulus (7). In this study, an expo
nential curve of the form Y = Ae 8 x was fitted to deflection 
basins consisting of all seven sensor deflections. Y is the de
flection in mils, and Xis the radial distance from the load in 
inches. A and B are the regression constants that define the 
shape of the deflection basin (14). The A and B values were 
computed over 6,000 simulated deflection basins from elastic 
layer analysis, and regression equations were developed for 
estimating subgrade modulus from A and B. Because, de
pending on the pavement type, 70 to 95 percent of the total 
surface deflections are contributed by the subgrade layer (12), 
the estimation of subgrade modulus from the parameters A 
and B is more rational than using a single sensor deflection 
value. 

The pavements used in the development of regression equa
tions for subgrade modulus were those described in Table 5. 
Separate equations were developed for subgrades with finite 
and infinite thickness. The equations were developed by step
wise forward multiple linear regression using ST ATP AK (16). 
The logarithm of the subgrade modulus was the dependent 
variable, and A and B were the independent variables. A log 
transformation of A was used to achieve linearity in the re
lationship. 

The equation for pavements with finite subgrade thickness is 

y = 4.508 - 0.9861og10A - 19.896B R 2 = 0.89 

Esubgrade = l()Y n = 4,374 (6) 
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For infinite subgrade thickness, the equation is 

y = 4.639 - 1.019log10A - 24.467B R2 = 0.994 

Esubgrade = l()J' n = 2,187 

Correlation with Laboratory Resistance or R Values of 
Soil 

(7) 

The ADOT Preliminary Engin eering Design Manual (17) es
timates the subgrade modulus with the equation 

d 
_ [1,815 + 225(Rmean) + 2.40(Rmean)?'] 

Esubgra e - 0.6(SVF)o.6 

In Equation 8, SVF is the seasonal variation factor and 

Rmean 

where 

t Rt crc2 + Ne Re crt 2 

tcrcJ + Nccrt 2 

Nt number of actual R values , 

(8) 

Ne number of correlated R values (from PI and per-
centage of material passing a No. 200 sieve), 

Rt mean of the actual R values, 
Re mean of the correlated R values , 
at standard deviation of the actual R values, and 
ac standard deviation of the correlated R values. 
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Calculation Scheme 

The calculation scheme to find the depth of the rigid layer 
corresponding to an estimated subgrade modulus is as follows: 

1. FWD-measured deflections are normalized to a 9,000-lb 
load assuming linear response of the subgrade , and an ex
ponential curve of the form Y = Ae8 x is fitted to the deflection 
basin. 

2. The subgrade modulus is calculated both by the regres
sion equations involving A and Band the R-value approach . 
The layer moduli of other layers are calculated from appro
priate regression equations from Table 11. An initial estimate 
of subgrade thickness is 240 in. 

3. CHEVRON is used to compute the theoretical surface 
deflection at each sensor location corresponding to the FWD 
test load, and the objective function (f°1d) is calculated cor
responding to the FWD-measured deflection values. 

4. The thickness of the subgrade is perturbed by an amount 
AD, the deflections are again calculated by using CHEVRON, 
and a new value of the objective function (f"•w) is computed. 

5. The gradient of the objective function is computed by 
the following formula: 

6. The gradient and thickness values are fed into an optimi 
zation routine (OPTECH), which estimates a new thickness 
value corresponding to the minimized objective function. 

TABLE 11 REGRESSION EQUATIONS FOR ESTIMATING 
PAVEMENT LAYER MODULI 

Layer Equalion for Modulus (psi) Ref. 

AC E = 1,377,559-49,3891ac·7,868 l5b-l.02 E 5g;25.470 d1 0.71 

(fur finite subgrade) 

E = -254,809·13,761,5 lac+26.33E5g+12,192.54 d1 0.74 

(for infinile subgrade) 

90,0000 $ E $ 1,500,000 

CTB, E = 388,522-8023 lsb-9701 d1 0.74 

BTB,BS 

60,000 $ E $ 450,000 

AB E = E 5m (1+10,52 Log(lab)·l.561.og(E5m) l.og(lab)) 

10,000:; E.::: 2 E (calculaled) 

SM E = E 5g (! + 7-18 Log(<subbase)-1.56 Log(E5g) Log(lsmll 

10,000 .::: E .:::. 2 E (calculated) 

Note: AC: Asphall Concrete, BS: Bituminous Surface, BTB: Bituminous Trcaler..I Base, CTB: Cement 

Treated 81.Jse, AB: Aggrcg<Jtc Base, SM: Select Maltrial, l: thickness (in); <l1: FWD First 

sensor dcOcclion (mils) 
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7. Steps 4 through 6 are repeated until the objective func
tion stabilizes or the calculated thickness value in successive 
iterations does not change by more than 5 percent. The thick
ness value corresponding to the minimized objective function 
is the calculated depth of the rigid bottom. 

Figure 6 shows a flowchart of the calculation scheme. This 
scheme and the rigid layer detection procedure have been 
coded in the computer program Arizona Deflection Analysis 
Method (ADAM). Convergence of the objective function 
usually requires three to five iterations on a Digital VAX 
6000-410 machine. A typical rigid bottom detection and de
termination scheme usually requires 30 to 70 sec of CPU time . 
The program is coded in ANSI FORTRAN77 and should 
work on microcomputers. 

ANALYSIS WITH FIELD DATA 

The procedure for determining the depth of the rigid layer 
was tested with the FWD deflection data for the sites in Table 
7. The subgrade moduli were computed by using Equations 

RFAn· 
FWD Load, Plate Dia 

- --- - Number and Location at 
Sensors 
Deflection Values 
No. & Thickness ot 
Each Layer above Subg 
Temp. Corr. Factor (s) 

Calculate SLOPE 

Calculate Subgrade E 

Estimale All Layer Moduli 

MODULI 

BACKCALCULATION 

ROUTINE 
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6 or 7 and Equation 8. Table 12 shows the subgrade modulus 
and the depth of the rigid layer computed by ADAM and by 
manual matching of the deflection basins (9) . In most cases 
the modulus of the subgrade and the depth of the rigid layer 
determined from A and B in this study agree well with those 
computed by manual matching. The calculation scheme de
veloped in this study appears to have captured the "intelli
gence" in the manual matching of deflection basins . 

The subgrade modulus computed from the R values of the 
subgrade soil and the corresponding depth of the rigid layer 
are not in good agreement with those from manual matching. 
The modulus of the subgrade is a measure of the elasticity of 
the material , whereas the R value is an index value represent
ing the deformation of the material under certain prescribed 
conditions . The correlation between the two cannot be ex
pected to be good in all cases, because these properties are 
not directly related to each other. In addition, the laboratory 
R-value determination is done on a small amount of disturbed 
subgrade material , whereas the composite subgrade modulus 
from backcalculation represents a large volume of undis
turbed material (9). 

Calculate 
Subgrade E 
Eslimate All 

Other E 

Compute I, 
Gradient ot I 

NO 

FIGURE 6 Flowchart of rigid layer detection and depth estimation scheme. 



TABLE 12 COMPARISON OF SUBGRADE MODULI AND 
THICKNESSES CALCULATED BY ADAM WITH THOSE 
COMPUTED FROM MANUAL MATCHING OF DEFLECTION 
BASINS . 

Regression Eqn. "R~-value Eqn Manual Matching 
Sile/Stalion Esg D Esg D Esg D 

(ksi) (in) (ksi) (in) (ksi) (in) 

1/1 18.8 124 20.0 131 18.0 140 

3/7 18.4 s-inf 12.2 195 20.0 s-inf 

4/1 18.9 s-inf 5.2 69 20.5 s-inf 

5/4 12.5 143 31.6 s-inf 7.0 82 

6/1 14.8 128 6.5 60 

7/4 12.4 s-inf 20.2 s-inf 13.5 s-inf 

9/1 12.0 126 6.6 73 8.5 72 

10/4 7.6 165 10.0 240 

10/7 15.9 s-inf 16.0 s-inf 

12/1 13.7 135 22.4 300 10.5 100 

14/4 24.9 146 5.7 56 25 120 

18/1 48.5 s-inf 30.5 251 50 s-inf 

18/4 4.7 150 22 120 

19/ 1 /8 150 10 240 

19/ 4 8.7 150 11 240 

~0/1 29.8 127 364 150 45 150 

Afler Mamlouk cl al. (2) 

TABLE 13 COMPARISON OF CALCULATED DEPTH OF RIGID 
BOTTOM WITH DRILLING AND CONE PENETRATION 
RESULTS 

. 
Regr . R·val. Manual 

Eqn. Eqn. Malching .. 
Site/ Deplh Depth Depth Drilling & Cone Resuhs 

Station (in) (in) (in) (in) 

1/1 124 131 140 Drilling stopped @ 300. 
Cone Refusal at: > 180. 

3/7 s-inf s-inf s-inf Drilling slopped @ 300. 
Cone pen. slopped @ 300. 

4/1 s-inf 69 s-inf Drilling slapped @ 144, 
Cone pen, slopped tE_, 144 , 
Presenc<.: of Ground Waler , 

5/4 143 s-inf 82 Drilling slopped @ 300 
Cone refusal @ 72 

6/1 128 60 None 

7/4 s-inf s-inf s-inf Drilling slopped <!.! 300 
Cone refusal@.• 120 

9/1 126 73 72 Drilling Slopped @60 
Cone rd us al @ 60. 
BasalL al 60 in. 

10/4 165 240 Drilling "topprd @ 100 
Cone ref us<1 l ([! 144, 

10/7 s-inf s-inr None 

12/1 135 300 100 Drilling sloppctl @: 300. 
Cone Rt:Su::..dl Qi 300 
Vry hrd drill: 120·300. 

14/ 4 146 56 120 Drilling slopped([~ · 90 
Cone rcfoscd @ 90. 
Limestone al 90 in. 

• Aller Mamlouk el al. (2) 
•• Arler projccl HPR-PL-1(33) ltcm 254. Ralional Ch<1r;,.1clcriza1ion of Pavement Struc1u rc.!\ ·using 
Deneclion Analysis, Arizom1 Dcpar1mcn1 or TrunsporLation. 
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Table 13 compares the depths of the rigid layers, or subgrade 
thicknesses, computed in this study with the drilling and cone 
penetration test results obtained on several existing pavement 
subgrades in Arizona (9). The manual matching and modulus 
from the R-value approach predicted the existence of a rigid 
rock layer fairly accurately for Sites 9 and 14. However, when 
the results of calculations for all the sites are considered, it 
is evident that no set of calculated depths is in excellent agree
ment with the drilling and penetration results. 

Because both subgrade modulus and thickness determine 
the surface deflections of the outermost sensors, the ADAM 
results indicate a compensating effect compared with manual 
matching. In other words, if the subgrade modulus is lower 
than the manual matching values, there is a corresponding 
decrease in subgrade thickness. The subgrade moduli calcu
lated corresponding to A and B and the corresponding depths 
of the rigid layer are in good agreement with the manual 
matching procedure. 

SUMMARY 

A method has been developed for detection and determina
tion of the depth of a rigid layer from an empirical study of 
the simulated deflection basins from elastic layer theory. The 
method uses the outermost sensor deflections from FWD test
ing. It has been verified with field data and shown to be 
accurate for practical purposes in predicting the presence of 
a rigid layer at a shallow depth below the pavement. Agree
ment with a manual matching method was also observed. On 
the basis of the algorithm for this method, a computer pro
gram, ADAM, was developed for detection and estimation 
of the depth of a rigid layer. The program has been imple
mented on a Digital VAX 6000-410 mainframe. 
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