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Validation of Moduli Backcalculation 
Procedure Using Multidepth 
Deflectometers Installed in Various 
Flexible Pavement Structures 

Y. R. KIM, N. P. KHOSLA, S. SATISH, AND T. SCULLION 

Falling weight deflectometer (FWD) data collected during June 
1990 and May 1991 from test sections along US-421 Bypass near 
Siler City, North Carolina are presented. The test road consists 
of 12 types of pavement sections (different materials and thick
nesses, but all with asphalt concrete surface course), two of each 
type in twp directions of traffic, for a total of 48 test sections. 
Twenty-four northbound sections are installed with strain gauges, 
pressure cells, thermocouples, and moisture sensors. The mul
tidepth deflectometers (MDDs) are installed in eight sections with 
varying layer materials and thicknesses. FWD testing was per
formed on some sections with the MDDs, seven sections in June 
1990 and four sections in May 1991. FWD loading was applied 
on top of the MDDs for both of the trips. During the June 1990 
trip, the FWD load plate was placed on one or two additional 
locations with offset distances up to 32 in. At each position, three 
FWD drops were applied, and the resulting surface deflections 
and depth deflections were measured simultaneously using FWD 
geophones and the MDDs, respectively. The MODULUS back
calculation program developed by the Texas Transportation In
stitute was used to backcalculate the moduli values· of each sec
tion. Then the backcalculated moduli values were entered into a 
forward calculation program with known pavement layer thick
nesses, assumed Poisson's ratios, and the magnitude and geom
etry of FWD loading to calculate the surface and depth deflec
tions. The surface and depth deflections were finally used to 
calculate the average vertical strains of different layers at the 
centerline of loading. In the validation process, the comparison 
between the measured and predicted depth deflections was first 
used to evaluate the influence of different assumptions made 
before backcalculation. The validity of the backcalculation pro
gram based on the multilayered elastic theory was investigated 
by comparing the measured and predicted pavement responses, 
such as surface deflections, depth deflections, and average vertical 
strains within the layers. Finally, the influence of different flexible 
pavement designs with varying thicknesses and layer material 
types was studied using the average vertical strains within various 
layers. 

Nondestructive testing has become a powerful tool for de
termining in situ properties of pavement layers needed for 
pavement design and rehabilitation. Numerous deflection-based 
methods have been developed to backcalculate layer moduli 
for multilayered flexible pavements, mostly dependent on the 
theory of linear elasticity. These deflection-based backcal-
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culation programs can be divided into two groups. One is the 
iterative approach, in which a set of moduli that minimizes 
an error between the measured deflection and calculated de
flection from a forward calculation scheme is determined it
eratively. The other group uses a data base approach that 
uses a forward calculation scheme to build a deflection data 
base from sets of assumed moduli. Then regression equations 
with interpolation techniques are used to determine a set of 
moduli that minimizes the error between the measured and 
calculated surface deflections. Some advantages of the data 
base approach have been documented (J ,2). 

One of the major concerns of many practicing engineers 
has been how valid the deflection-based backcalculation pro
grams are in measuring accurate, dependable layer moduli of 
flexible pavements with not only varying thicknesses and ma
terial types, but also with different levels of damage in pave
ments due to traffic and environmental conditions. One way 
of checking the validity is to backcalculate the layer moduli 
from an instrumented pavement section with known layer 
thicknesses and material types and calculate. responses of the 
same pavement with the forward calculation method used in 
the backcalculation program. Comparing these calculated 
pavement responses against the measured values from the 
instrumented test sections will allow one to evaluate how 
significantly the assumptions made. in the forward calculation 
scheme and backcalculation approach violate in situ behavior 
of layer materials. 

The purpose of this paper is (a) to evaluate one of the 
deflection-based backcalculation programs using the multi
layered elastic analysis, MODULUS, by comparing actual 
measurements of surface and depth deflections and average 
vertical strains with the predicted values from the WESS for
ward calculation scheme used in the MODULUS program 
and (b) to investigate the effect of different flexible pavement 
designs on the response of various layers under the FWD 
loading. 

INSTRUMENTED PAVEMENT TEST SECTIONS 

A research project, "A Comparative Study of Performance 
of Different Designs for Flexible Pavements," sponsored by 
the North Carolina Department of Transportation, is under 
way at the North Carolina State University. As a part of this 
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project, a 7.5-mi-long test road consisting of 48 test sections 
was constructed along US-421 Bypass near Siler City, North 
Carolina, in June 1990. In each direction of traffic, 12 types 
of flexible pavements (Table 1), typical in North Carolina, 
were constructed with 2 replications. This resulted in 12 pave
ment designs, 2 replicates, and 2 traffic levels (i.e., 2 traffic 
directions), for a total of 48 test sections. 

All 24 northbound test sections were instrumented with the 
following in situ gauges: subgrade pressure transducers, 
subgrade moisture cells, subgrade thermocouples, base course 
moisture cell (for aggregate base only), base course ther
mocouple (except for asphalt base), asphalt strain gauges, and 
asphalt thermocouples. No instrumentation was provided for 
the southbound roadway, although the performance of these 
sections would also be monitored. 

In selected sections (Sections 1-3, 6-9, and 11), the mul
tidepth deflectometers (MDDs) were installed after comple
tion of the construction. The MDD is an L VDT deflection 
measuring device that is retrofitted into pavement layers (3 ,4). 
Under the passage of a single load the MDD can be used to 
measure the depth deflection profile and the induced average 
vertical compressive strains. After repeated loads the MDD 
can be used to measure the permanent deformations in each 
of the pavement layers. A schematic of a typical MDD after 
installation is shown in Figure 1. Figure 2 presents the MDD 
locations in the test sections. 

The traffic level (passes and weights) along the highway is 
monitored using the CMI weigh-in-motion device. Further
more, the longitudinal profiles of all the sections have been 
monitored, along with rut depth measurements and periodic 
surface condition surveys. More detailed information on the 
test sections can be found elsewhere (5). 

TEST PROTOCOL 

The data presented in this paper were generated from two 
trips made in June 1990 and May 1991. A falling weight de-

TABLE 1 Section Descriptions 

Section No. 1-1" H' HB• 

1, 23 r 1.5" 

2 2" 

24 2" 

3, 16 2" 3" 

4, 18 2" 1.5" 

5 2" 1.5" 

17 2" 1.5" 

6, 21 2" 3" 

7, 20 2" 1.5" 5.5" 

8, 19 2" 

9, 22 2" 3" 4" 

10, 15 2" 1.5" 

11, 14 2" 5.5'' 

12, 13 2" 1.5" 4" 

Note: ·1-1 Asphalt surface course 
H Asphalt binder course 
HB Asphalt-stabilized base course 

ABC Granular base course 
CTB Cement-treated base course 
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flectometer (FWD) was used for both trips. During the trip 
in June 1990, surface deflections with FWD geophones and 
depth deflections with the MDDs were measured simulta
neously from seven MDD sections (Sections 1, 2, 3, 6, 7, 8, 
and 9). Since only one lane was open to traffic during the 
FWD testing, limited time was available for field testing, and 
therefore testing of only seven MDD sections could be com
pleted. 

The testing sequence for the June 1990 trip was as follows. 
The FWD load plate was placed directly on top of the MDD 
top cap. An offset distance of approximately 3 in. from the 
center of the load plate was used to prevent the center geo
phone from sitting directly on the brass top cap. Three drops 
of approximately 9,000 lb were applied, and the resulting 
surface and depth deflections were measured simultaneously. 

The tests were repeated at other offset distances (Positions 
A and B). On Section 1, as an example, Position A has the 
distance from the center of the load plate to the middle of 
the MDD hole set at 20 in.; in Position B the distance was 
32 in. At both the locations deflection data were collected 
using three drops of approximately 9,000 lb. When the FWD 
load plate was not over the MDD hole (Positions A and B), 
the movement of the anchor was monitored by measuring the 
movement on the center core of the MDD system. This was 
achieved by placing one of the FWD surface geophones (the 
geophone at 60 in.) on top of a pedestal mounted on the 
center core. Different offset distances were used in each sec
tion. 

During the May 1991 trip, the limitation in testing time and 
difficulties with the MDD data acquisition program encoun
tered in some sections prevented conducting FWD tests on 
all the MDD sections. As a result, deflection data from only 
five sections (Sections 3, 6, 7, 8, and 9) are presented in this 
paper. FWD loading was applied on top of the MDDs using 
the same method as in June 1990, but no offset FWD testing 
was conducted. During both the trips, MDD deflection mea
surements were made by a data acquisition program installed 
in a Compaq 386 portable computer. 
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FIGURE 1 Typical cross section of MDD after installation (4). 

ANALYSIS AND DISCUSSION 

Moduli Backcalculation 

Typical MD D signal and normalized surface and depth de
flections in Section 1 are presented as an example in Figures 
3(a) and 3(b), respectively . .In Figure 3(a), the traces are 
smooth for each of the MDDs. Duration of the pulse is ap
proximately 30 msec. Figure 3(b) contains extremely valuable 
information for validating backcalculation schemes based on 
surface deflections. The surface deflection is represented by 
the solid line, and the other symbols represent depth deflec
tions measured by the various MDDs. The "+" symbols at 
the bottom of the graph are the measured anchor movements. 

The surface deflection data were entered into the MOD
ULUS backcalculation program, Version 4.0, to calculate the 
layer moduli for all seven sections. The "best" sets of back
calculated moduli of seven sections for the June 1990 and May 
1991 trips are presented in Table 2. In processing the FWD 
surface deflection data to determine the moduli values in 
Table 2, the following assumptions were made: 

1. The moduli of all thin surfacing less than 4 in. thick were 
fixed constant. These moduli were determined by the MOD-

ULUS program on the basis of the type of coarse aggregate 
used in the surface course and the asphalt concrete temper
ature at the time of FWD testing. For the June 1990 trip, the 
asphalt concrete temperature was calculated from the air tem
perature. For the May 1991 trip, it was measured from the 
thermocouple at a 1-in. depth from the surface. 

2. For the sections with the asphalt concrete base, both the 
surface and base were counted as a single layer. 

3. Depths to bedrock were left to be calculated by the 
MODULUS program for all the sections. 

4. The stabilized subgrade was assumed to be 7 in. thick. 

Assumptions 1 and 2 were made on the basis of knowledge 
from the literatures and the authors' experience with the back
calculation technique. Although actual depths to bedrock were 
measured during the construction of the test sections, it was 
determined not to use these values because the drilling lo
cations in the sections could have been different from where 
the MDDs were installed. The validation of these assumptions 
is discussed later in this paper. 

The following observations were made from Table 2: 

1. The calculated asphalt concrete moduli values for the 
given temperatures seemed reasonable except for Section 8 
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FIGURE 2 MDD locations (AC = asphalt concrete, ABC = aggregate base course, CTB = cement-treated base, and ST AB 
SUBG = stabilized subgrade). 

in May 1991. The AC surface modulus value of Section 8 was 
calculated from the MODULUS program on the basis of tem
perature and coarse aggregate type. 

2. For both trips, the granular base over the stabilized 
subgrade in Section 2 had a much higher modulus than the 
granular base over the soft subgrade in Sections 1 and 3, 
demonstrating the effect of confinement and support on gran
ular layer modulus. 

3. The modulus of the cement-treated base (CTB) in Sec
tion 6 was much higher than that of the CTB in Section 8 for 
both trips. This could be explained by the appearance of 
random longitudinal and transverse cracks on the surface a 
short time after the construction of Section 8, perhaps indi-

eating that the CTB was cracked, resulting in a lower effective 
modulus. 

4. The subgrade moduli values for Sections 1, 3, 7, and 9 
were very low (3 to 7 ksi) for both trips, indicating that the 
subgrade on these sections was saturated. The subgrade mod
uli values on the sections with the stabilized subgrade (Sec
tions 2 and 8) were unreasonably high. Perhaps this was due 
to the low stress state in these layers, but most likely it was 
due to the limitation of the multilayered elastic theory used 
in the backcalculation procedure. 

5. The analysis of data from both trips revealed that the 
cement-stabilized subgrade in Section 2 was much stiffer than 
the lime-stabilized subgrade in Section 8. This is generally 
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FIGURE 3 (a) Raw MDD data under FWD loading on Section 1; 
(b) normalized surface and depth deflections from Section 1. 

expected because the strength gain due to lime stabilization 
is mainly dependent on pozzolanic reaction, whereas cement 
stabilization provides· additional important cementitious re
action forming hydrates of calcium silicate. 

6. In most cases, calculated depths to bedrock from the 
MODULUS program were smaller than the actual depths to 
bedrock measured during the construction of the project, al
though this comparison might not be fair due to different 
locations in drilling and FWD testing. 

Unreasonably high moduli values of the aggregate base 
course and subgrade over or under the stabilized subgrade 
reported in Observations 2 and 4 indicate the limitation of 
the multilayered elastic theory. It must be recognized by prac
ticing engineers that the deflection-based moduli backcalcu
lation schemes built on the multilayered elastic theory mea
sure the effective modulus, not the modulus as the material 
property. 

Validation by Comparing Surface and Depth 
Deflections 

The traditional approach to backcalculating layer strength 
relies solely on the surface deflection. Various schemes are 

available for performing the backcalculation, but little effort 
has been expended in validating the numbers calculated in 
such schemes. 

One way of validating backcalculation schemes is using the 
MDD depth deflections. Once the modulus of each layer has 
been determined, deflections at different depths can be cal
culated from the WESS forward calculation program using 
the thicknesses of layers, assumed Poisson's ratios used in the 
backcalculation, the backcalculated layer moduli values, and 
the magnitude and geometry of FWD loading. The discrep
ancy between the measured depth deflections and the pre
dicted depth deflections can be used as an estimate of how 
valid the backcalculated moduli are for various design types. 

This validation process has been applied to the backcal
culated moduli values in Table 2 and resulted in Figures 4 
through 10. The following observations can be made from 
these figures: 

1. Stabilized layers in Sections 2, 6, and 8 lowered the sur
face and depth deflections considerably. 

2. Except for Section 8 in May 1991, surface deflections 
were predicted very accurately for both trips, as shown in 
Figures 4a through lOa. The larger discrepancy of Section 8 
from the May 1991 trip might be due to the poor condition 
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TABLE 2 Layer Moduli Backcalculated Using FWD Data 
Collected on Each Section 

(a) June 1990 

Moduli in ksi 

Section Surface Base Stabilized 
Subgrade 

1 2or 12.4 
2 20r 80.8 404.9 
3 115 10.0 
6 183 1709.6 
7 102" ... 
8 20r 307.4 170.3 
9 101· 

(b) May 1991 

Moduli in ksi 

Section Surface Base Stabilized 
Subgrade 

1 314° 12.0 
2 168' 51.5 215.1 
3 125 5.6 
6 223 1133.9 
7 235• 
8 508° 184.5 61.S 
9 352" 

Note: •Depth to bedrock. 
'Temperature assumed. 

Subgrade 

4.7 
40.5 
4.1 

10.1 
3.1 

30.7 
3.3 

Subgrade 

4.4 
21.5 
4.7 

12.3 
5.6 

18.3 
6.6 

•Fixed modulus based on the temperature. 
'Not measured. 

Calculated Actual 
DB· {ft) DB· (ft) 

5.4 > 20 
18.1 18 
3.4 15 
7.3 NIM' 
3.4 > 15 
7.9 > 20 
4.3 16 

Calculated Actual 
DB' (ft) DB' (ft) 

4.9 > 20 
7.3 18 
3.2 15 

13.9 NIM' 
6.1 > 15 
7.9 > 20 
9.8 16 

"Calculated value for AC surface and AC base layer combined. 

Temp.• 
(°F) 

107 
107 
107 
107 
107 
107 
107 

Temp.' 
(OF) 

93 
114 
100 
108 
82 
80 
83 

Temperature measured from the thermocouple at 1 inch depth from the surface. 

of Section 8 described earlier. The pavement condition survey 
conducted in July 1991 revealed severe rutting and fatigue 
cracking in Section 8. 

3. The maximum surface deflections of full-depth asphalt 
concrete pavements in Sections 7 and 9 were much lower in 
May 1991 than in June 1990. This could be mainly due to 
lower testing temperatures in May 1991 as indicated in 
Table 2. 

4. The surface deflection of Section 8 increased significantly 
in May 1991, indicating severe deterioration of the section. 

5. For the June 1990 trip, the measured deflections at the 
interfaces of different layers were larger than the predicted 
deflections, as shown in Figures 4b through lOb, 4c through 
lOc, and 5d through 9d. The trend was somewhat reversed 
for the May 1991 data in Figures 6b through lOb and 6c 
through lOc. 

6. However, the deflections within the subgrade for the 
June 1990 trip were predicted accurately except in Sections 7 
and 9 (Figures 8 and 10) of full-depth asphalt concrete pave
ments. 

7. The accuracy of deflection prediction became much worse 
in the May 1991 data, especially for the subgrade. 

Whether the discrepancy between the measured and pre
dicted depth deflections is acceptable depends on how and 
where the backcalculated moduli are to be used. If a pavement 
engineer were to measure relative stiffnesses of different lay
ers in pavements, oeflection-based backcalculation schemes 
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based on the multilayered elastic analysis could be sufficiently 
accurate. However, the comparison between the measured 
and predicted depth deflections made earlier indicates that 
great caution has to be used should the purpose of the back
calculation be more detailed analysis of pavement responses 
in different layers. 

Validation by Comparing Strains 

Since the interface deflection is the sum of deformations in 
all the layers below that interface, it is difficult to study which 
layer is more responsible for the discrepancy between the 
measured and predicted values. This can be better accom
plished by using either the deformation or the strain in each 
layer. Once the surface and depth deflections are measured, 
one can calculate the deformation within each layer by sub
tracting the L VDT reading at the bottom of the layer from 
that at the top of the layer. The average vertical strain can 
then be determined by dividing the deformation within the 
layer by the distance between two L VDTs. 

The calculated average vertical strains due to the FWD 
loading right on top of the MDDs in June 1990 and May 1991 
are plotted in Figures 11 through 13. In these figures, com
pressive strains are presented on the positive axis. Large er
rors between the measured and predicted strains within dif
ferent layers were noticeable. In general, it was difficult to 
conclude from these figures which layer the strain values were 
predicted more accurately for. 

In Figure 11, the average vertical AC layer strains calcu
lated from the measured depth deflections increased consid
erably in 1991, which might indicate the lower structural bear
ing capacities of these layers due to the accumulation of damage 
between June 1990 and May 1991. There was a unique trend 
in the 1991 data of the strains calculated from the measured 
deflections being higher than the predicted average vertical 
strains. Also, the accuracy in predicting the average vertical 
strains became poorer in 1991, which could demonstrate the 
limitations of the multilayered elastic theory. 

Figure 12 shows the average vertical strains within the base 
·layers. In Sections 6 and 8 with the cement-treated bases, the 
average vertical strains calculated from the measured deflec
tions were much smaller than those in other sections. Com
parison of the strains in 1990 and 1991 indicated that there 
was almost no change in the magnitudes of the strains cal
culated from the measured deflections. The most important 
finding from Figure 12 was the larger discrepancies between 
the strains from the measured and the predicted depth de
flections in Sections 1 and 3 with the aggregate base courses. 
This may be because unbound aggregate materials dilate when 
they are subjected to compressive loading. The dilatation of 
aggregate materials causes higher confining pressure around 
them that eventually yields lower strain values in the layer 
than the predicted ones from the multilayered elastic theory. 

The subgrade strains in Figure 13 seemed to have a unique 
trend of the measured strains calculated from the deflections 
being larger than the predicted strains for all the cases. This 
indicates that pavement design or rehabilitation methods based 
on the multilayered elastic analysis underestimate the com
pressive strain within the sub grade, which is an important 
parameter in the prediction of rutting. 
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FIGURE 4 June 1990 and May 1991 results of Section 1: (a) surface deflection, (b) deflection at top 
of the base, (c) deflection at top of the subgrade, (d) deflection 13 in. into the subgrade, and 
(e) absolute errors from different assumptions (June 1990). 

The same conclusion on the subgrade strain prediction can 
be drawn from Figure 14 with the offset loading conditions. 
In the asphalt concrete layers [Figure 14(a)], large vertical 
tensile strains were developed in most sections except Sections 
6 and 9. The average vertical strains calculated from the mea
sured deflections indicated that all the layers in Section 8 were 
in a tensile mode except the subgrade. This different response 
of Section 8 could be explained again by the early damage in 
this section. That is, the stress-strain behavior of the layers 
in Section 8 could be difficult to predict from the forward 
calculation program based on the multilayered elastic analysis. 

Validation of Assumptions 1 through 3 

There are various backcalculation schemes available today 
with different deflection-matching algorithms. The differ
ences among these algorithms result in different moduli values 
for the same deflection data. A more discouraging fact to 
inexperienced pavement engineers is that, even with the same 
backcalculation program, one can get very different ·results 
from the same deflection basin. Some of the basic reasons· 
why backcalculation programs fail to give reasonable values 
are summarized by Chou et al. (6) as follows: 
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FIGURES June 1990 and May 1991 results of Section 2: (a) surface deflection, (b) deflection at top 
of the base, (c) deflection at top of the stabilized subgrade, (d) deflection at top of the subgrade, 
(e) deflection 7.7 in. into the subgrade, and(/) absolute errors from different assumptions (June 
1990). 

1. Pavement materials consist of a very large range of pos
sible properties that may not always comply well with the 
linear elastic, homogeneous, and isotropic assumptions used 
in elasticity theory. 

2. The accuracy of backcalculated moduli values is depen
dent on the accuracy of input parameters, such as the thick
ness of each layer, Poisson's ratio of layer materials; and the 
depth of subgrade to bedrock. Loading condition and how 
well sensors are resting on the pavement also affect the ac
curacy of moduli values. 

In spite of difficulties from these nonideal conditions, a few 
analysts with specialized or private knowledge often can pro-

duce more reasonable results. This knowledge may be related 
to the experience of a particular pavement section or may 
exist in research reports, textbooks, general experience, com
mon sense, and engineering rules of thumb (6). The assump
tions made earlier for the sections studied in this paper are 
based on this type of.knowledge. 

Since the depth deflections measured by MDDs could be 
used in evaluating the accuracy of the backcalculation tech
nique, the influence of making different assumptions with the 
MODULUS program could be investigated. The same de
flection basins used to generate moduli values in Table 2 were 
input to the MODULUS program with different combinations 
of Assumptions 1, 2, and 3. The moduli values were back-
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FIGURE 6 June 1990 and May 1991 results of Section 3: (a) surface deflection, (b) deflection at top 
of the base, (c) deflection at top of the subgrade, (d) deflection 9.9 in. into the subgrade, and 
(e) absolute errors from different assumptions (June 1990). 

calculated from the surface deflections . with different as
sumptions, and depth deflections were calculated from the 
WES5 forward calculation program. The absolute errors for 
different cases were calculated and plotted against the depth 
of L VDT in the last subfigures of Figures 4 through 10. Five 
cases were studied with the following conditions: 

1. The surface modulus of thin surfacing was fixed. Other 
conditions were the same as in Case 2. 

2. The surface modulus of thin surfacing was not fixed. The 
depth to bedrock was left to be calculated by the MODULUS 
program. 

3. The measured depth to bedrock was input to the 
MODULUS program. Other conditions were the same as in 
Case 2. 

4. Top 24 in. of subgrade was considered as a separate 
layer. Other conditions were the same as in Case 2. 

5. Asphalt concrete base layer was separated from the sur
face and binder courses in Sections 7 and 9. Other conditions 
were the same as in Case 2. 

The first assumption, fixing the modulus for thin surfacing, 
was applicable to Sections 1, 2, and 8. As could be seen by 
comparing Cases 1 and 2 of these sections in Figures 4, 5, and 
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FIGURE 7 June 1990 and May 1991 results of Section 6: (a) surface deflection, (b) deflection at top 
of the cement-treated base, (c) deflection at top of the subgrade, (d) deflection 10.2 in. into the 
subgrade, and (e) absolute errors from different assumptions (June 1990). 

9, the absolute errors were smaller when the surface modulus 
was fixed. In Figures 8 and 10 for Sections 7 and 9, respec
tively, combining the asphalt concrete base layer with asphalt 
concrete surface course (Case 2) also resulted in better pre
diction than splitting these layers (Case 5). The effect of forc
ing the measured depth to bedrock in the MODULUS pro
gram, Case 3, produced larger errors in predicting depth 
deflections than in Case 2 (Figures 4 through 6 and 8 through 
10). Also, the consideration of the top 24 in. of subgrade as 
a separate layer (Case 4) increased the absolute error, as 
shown in Figures 7, 8, and 10. These observations verified 
the validity of the assumptions made in backcalculating the 
moduli values in Table 2. 

Effect of Various Designs on Average Layer Vertical 
Strains 

All the test sections were designed such that a comparative 
study of the performance of various flexible pavement designs 
could be conducted. The data obtained from the instrumented 
gauges under the FWD loading and the standard vehicle load
ing, pavement condition survey, and the weigh-in-motion will 
produce invaluable information for the pavement ·design and 
rehabilitation. In this section, the average vertical strains of 
multilayers in Figures 11 through 13 were used in evaluating 
the effect of different designs (i.e., varying thicknesses and 
material types) on the pavement response. 
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FIGURE 8 June 1990 and May 1991 results of Section 7: (a) surface deflection, (b) deflection at top 
of the asphalt concrete base, (c) deflection at top of the subgrade, (d) deflection 14.4 in. into the 
subgrade, and (e) absolute errors from different assumptions (June 1990). 

The first noteworthy observation made from Figures 11 
through 13 was the beneficial effect of stabilized layers in 
Sections 2, 6, and 8. In Figure 13, the average vertical strain 
values in the subgrade of Sections 2, 6, and 8 were much 
lower than those of other sections due to the stiffening effect 
of stabilization. The comparison of the subgrade strains in 
Sections 1 and 2 yielded more detailed information on the 
beneficial effect of subgrade stabilization. Section 1 has 3.5-
in.-thick AC surfacing with no stabilization, and in Section 
2, the surface course is only 2 in. thick but the top 7 in. of 
the subgrade is stabilized with the cement. Although the av
erage vertical strains in the aggregate base layer were almost 
the same for both the sections in Figure 12, the strains in the 
asphalt _concrete and in the subgrade were reduced consid-

erably in Section 2, which is an important factor in minimizing 
rutting in pavements .. 

The same type of comparison could be made with Sections 
6 and 8. Section 6 has 5-in.-thick AC surfacing with no subgrade 
stabilization, and Section 8 has only 2-in.-thick AC surfacing 
but with the lime-stabilized subgrade. Although the beneficial 
effect of the stabilized subgrade could not be fully recognized 
because of the cement-treated base layers in both sections, 
still the average vertical strains in the base layer and subgrade 
of Section 8 with the stabilized subgrade were smaller than 
those in Section 6 without subgrade stabilization. 

The influence of base stabilization could also be studied by 
comparing the strains of Sections 2 and 8. Sections 2 and 8 
have identical designs except for the material type and thick-
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FIGURE 9 June 1990 and May 1991 results of Section 8: (a) surface deflection, (b) deflection at top 
of the cement-treated base, (c) deflection at top of the stabilized subgrade, (d) deflection at top of the 
subgrade, (e) deflection 6.9 in. into the subgrade, and (/) absolute errors from different assumptions 
(June 1990). 

ness of the base layer. The results in Figures 11 and 13 show 
that the strains in the AC layer and in the subgrade were 
lower in Section 2. Furthermore, some block cracking ob
served in the sections with the cement-treated base courses 
after the construction makes the researchers question the ben
efits of the cement-treated base course. 

The comparison of Sections 1 and 3 in Figures 11 through 
13 can also give an interesting finding. In Section 1, the thick
nesses of the surfacing and the aggregate base layer are 3.5 
and 12 in., respectively, whereas Section 3 has 5-in.-thick AC 
surfacing and 8-in.-thick aggregate base course. As a result, 
the average vertical strain in the AC surfacing was much lower 
in Section 3 with a thicker AC layer, but the vertical strains 

in the aggregate base layer and in the subgrade were lower in 
Section 1. Therefore, a 1.5-in. increase in the AC layer thick
ness with a 4-in. reduction of the base layer thickness increased 
the average vertical strains in the base layer and in the subgrade. 

The effect of replacing 12-in.-thick aggregate base course 
with 5.5-in.-thick asphalt concrete base course was investi
gated by comparing the vertical strains of Sections 1 and 7 in 
Figure 13. The average vertical strains in the subgrade were 
almost the same for both sections. This observation indicates 
that, as far as the vertical compressive strain in the subgrade 
is concerned, the structural capacity of 5.5-in.-thick asphalt 
concrete base is almost the same as that of 12-in.-thick un
bound aggregate base course. 
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FIGURE 10 June 1990 and May 1991 results of Section 9: (a) surface deflection, (b) deflection at 
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FIGURE 13 Average vertical strains within the 
subgrades. 

The vertical strain values from Sections 3, 6, and 9 could 
be compared to evaluate the effect of different base materials. 
Sections 3, 6, and 9 have the same design except 8-in.-thick 
unbound aggregate base, 5.5-in.-thick cement-treated base, 
and 4-in. asphalt concrete base, respectively. The average 
vertical strain in the subgrade was highest in Section 3 and 
lowest in Section 6, demonstrating the beneficial effect of base 
layer stabilization. This was evident for both trips in Figure 
13. 
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In general, Section 2 resulted in the lowest average vertical 
strain in the subgrade. Although the thickness of the AC 
surface was only 2 in., cement stabilization of the top 7 in. 
of subgrade reduced the subgrade strain very effectively. This 
emphasizes the importance of taking care of poor subgrade 
on the pavement design and rehabilitation. 

CONCLUSIONS 

FWD testing was performed on the instrumented test sections 
during June 1990 and May 1991. The MODULUS backcal
culation program generally resulted in reasonable effective 
moduli values considering the material types and environ
mental conditions except in Section 8, which had severe dam
age. The validation process using the WES5 forward calcu
lation program revealed that the error-minimizing technique 
used in the MODULUS program provided fast and accurate 
fitting of surface deflection basins in various designs of flexible 
pavements. 

The depth deflections measured from the multidepth de
flectometers can be a powerful tool in evaluating the accuracy 
and dependability of backcalculated moduli values. The fol
lowing conclusions were made from the validation of the back
calculated moduli values using depth deflections and average 
vertical layer strains: 

1. The assumptions made in this paper during the back
calculation appeared to reduce the errors between the mea
sured and calculated depth deflections. 

2. According to the comparison between the measured and 
calculated depth deflections of both trips, great caution has 
to be exercised when the backcalculated moduli are used in 
predicting response of pavements at different depths. 

3. The accuracy in predicting depth deflections became poorer 
in 1991, especially for the subgrade. This could be an indicator 
of the additional systematic errors in 1991 due to the accu
mulated damage of the pavements. 

4. The multilayered elastic analysis overpredicted the av
erage vertical compressive strains within the aggregate base 
layers, demonstrating the effect of higher confining pressure 
developed from the dilatation of the aggregate materials under 
the compressive loading. 

5. The average vertical sub grade strains were underesti
mated by the multilayered elastic analysis in all the sections 
of both trips. 

6. The comparative study of the structural capacities of 
various designs also revealed the importance of stabilizing a 
poor subgrade in reducing the average vertical subgrade strain. 
Further study with the data from gauges and more field testing 
will yield invaluable information in pavement design and re
habilitation. 
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FIGURE 14 Average vertical strains determined from MDD deflections with FWD loading at offset 
distances of 20 in. for IA, 8.5 in. for 2A, and 32 in. for 1B and 2B (June 1990) within (a) the asphalt 
concrete layer, (b) the aggregate base layer, (c) the cement-treated base layer, (d) the stabilized subgrade, 
and (e) the subgrade. 
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