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Ordway Colorado Experimental Base Project 
JAMES F. SHOOK AND BERNARD F. KALLAS 

The Ordway Colorado Experimental Base Project was a full-scale field experi· 
ment constructed with various thicknesses of two full-depth hot·mix sand as· 
phalt bases, one full -depth asphalt concrete base, and one thickness of a stan· 
dard design with untreated base and subbase layers and two different subgrades 
(A-6 and A-7-6). The project was planned as an American Association of State 
Highway Officials (AASHO) Road Test satellite project to be useful in extend· 
ing the AASHO Road Test findings to Colorado conditions. The primary 
objectives were (a) to determine relative thicknesses of one asphalt concrete 
base, two hot·mix sand asphalt bases, and one standard design with un­
treated base and subbase required to give an equal level of pavement per· 
formance and (b) to relate certain measured properties of the pavement 
and the pavement components to observed levels of performance by using 
both empirical and theoretical models for pavement behavior. Performance 
data indicated that the different base types had different abilities to resist var· 
ious forms of distress: (a) the asphalt concrete base mixture provided the best 
resistance to rutting and to all forms of cracking, (b) both hot·mix sand asphalt 
bases p1ovided good resistance to alligator cracking but the low-stability hot· 
mix sand asphalt mix provided less resistance to rutting than the other bases, 
(c) the untreated standard base and subbase provided the best resistance to 
rutting but the least resistance to alligator or load-associated cracking. All base 
types exhibited severe transverse shrinkage cracking conditions. Analysis of rut 
depth and deflection data produced the following average layer coefficients: 
asphalt concrete surface course, 50 mm (2 in) thick, >0.44; asphalt concrete 
base course, 0.34; hot-mix sand asphalt base, 0.24·0.28; and untreated aggre· 
gate base and subbase, 0.16. 

The Colorado Experimental Base Project was a full­
scale field experiment constructed with various 
thicknesses of two full-depth hot-mix sand asphalt 
bases, one full-depth asphalt concrete base, and one 
thickness of a standard design with untreated base 
and subbase layers. The project was opened to 
traffic in 1965; routine measurements were discon­
tinued in 1976. A final set of measurements was 
made in 1978. 

The Colorado Experimental Base Project was 
planned as an American Association of State Highway 
Officials (AASHO) Road Test satellite project to be 
useful in extending the AASHO Road Test findings to 
Colorado conditions. The primary objectives were as 
follows: 

1. To determine relative thicknesses of one 
asphalt concrete base, two hot-mix sand asphalt 
bases, and one standard design with untreated base 
and subbase required to give an equal level of 
pavement performance and 

2. To relate certain measured properties of the 
pavement and the pavement components to observed 
levels of performance by using both empirical and 
theoretical models for pavement behavior. 

The experiment was planned, designed, and con­
structed by the Colorado Department of Highways with 
the cooperation of the Federal Highway Administra­
tion and the Asphalt Institute. Continued surveil­
lance and an extensive testing program were con­
ducted by research personnel of the Department. 

Several reports have been released to date on the 
project; they include summarized construction test 
data, field-performance measurements made during the 
first year, a subgrade moisture study, a deflection­
temperature study, laboratory-determined mechanical 
properties of materials for elastic analysis, and a 
study of mechanical properties by using field 
dynamic-testing techniques 1.!.-ll • This report 
swnmarizes the field-performance data obtained 
during the period 1965-1978 and reports the results 
of analyses of the performance data. The final 
report (.!!,) includes additional details of these 
analyses and tables of test data. 

EXPERIMENT DESIGN 

Two soil types, an A-7-6 with a California bearing 
ratio (CBR) of 2. 6 and an A-6 with a CBR of 3. 4, 
were included in the experiment, as shown in Table 
1. Test sections were located within each soil type 
by a random process. There was a total of 20 test 
sections; each test section had a westbound and an 
eastbound lane. Test sections were 137.2 m (450 ft) 
long with an additional 15.2-m (50-ft) transition 
section at each end of the test section reserved for 
destructive testing. 

Thicknesses were selected to give a maximum 
design life of approximately 20 years. Two thinner 
levels were selected in an attempt to obtain earlier 
failures. Traffic estimates made in 1978 indicated 
that the accumulated number of equivalent 80-kN 
(18 000-lbf) single-axle load applications (ESALs) 
applied between 1965 and 1978, when the last series 
of field measurements was made, totaled approxi­
mately 140 000. 

MATERIALS AND CONSTRUCTION 

The asphalt concrete surfacing had a well-graded 
aggregate and an asphalt content of 5. 6 percent. 
The coarse aggregate contained at least 60 percent 
crushed material with at least two crushed faces. 
The asphalt concrete base contained slightly less 
fine aggregate than the surfacing but approximately 
the same percentage of asphalt. The aggregate used 
for the asphalt concrete base was similar to that 
used on the AASHO Road Test and was not crushed. 
The hot-mix sand asphalts contained 8 percent 
asphalt and 3-6 percent air voids. Average Marshall 
stability values for the sand asphalts were 2. 0 kN 
(451 lbfl for the low-stability mix and 3.4 kN (770 
lbfl for the high-stability mix. The higher stabil­
ity of the high-stability mix was obtained by adding 
additional mineral filler to the low-stability mix. 
The Marshall stability of the asphalt concrete base 
was 5.2 kN (1170 lbf). The asphalt used for all 
three bases was a 60-70 penetration-grade asphalt 
with a mean penetration of 67. 

The test sections identified as Colorado Standard 
were constructed by using an uncrushed gravel base 
and subbase. The base had a maximum size of 12.7 mm 
(0.5 in) and 9 percent passing the 75-µlll (No. 200) 
sieve. The -425-µm (No. 40) sieve fractions were 
nonplastic. The subbase had a maximum size of 76.2 
mm (3 in) and 5 percent passing the 75-µm sieve. 
It was nonplastic. 

FIELD INSTRUMENTATION AND MEASUREMENTS PROGRAM 

The objective of the field-measurement program was 
to determine the performance and load-response 
characteristics of the test section. Present 
serviceability index (PSI) was measured with the 
CHLOE profilometer developed on the AASHO Road Test 
(2_,10). PSI was calculated by using the following 
formulas. The initial formula was as follows: 

PSI = 5 .03 - J .9 J log(SV - 2.0)-0.0J(C + P) y' - J .38 RD2 (J) 

where terms are defined as they were on the AASHO 
Road Test (2 1 10) and 
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Tabla 1. Experiment design. 

Soil Type 

A-7-6 A-6 

Base Thickness (in) 

Base Type• 140 178 216 140 178 

Asphalt concrete (AC) x x xx x x 
Hot-mix sand asphalt 

Low stability (LSS) x x xx x xx 
High Sl•bilily (HSS) x x x 

Stanclud Dosianb xxx 
Note: 1 mm = 0.04 in. 

X = one test section. 

: Uniform SO-mm asphllt concrete surface cour:&e on aU sections. 
102·nim untreated boa.c and 356-mm untreal cd t ubbase. 

x 

SV "' slope variance from the CHLOE pro­
f ilometer, 

C + P '" amount of class 2 and class 3 cracking 
plus patching (m 1/1000 m• of pave­
ment), and 

RD '" average rut depth (mm/25.4). 

Beginning in 1972, PSI was also corrected for 
texture by using the texturemeter described by 
Scrivner (10). A correction term was determined 
from tests on pavements that had a range in textures 
(11). A slight modification was also made in the 
PSI equation. The modified PSI equation used was as 
follows: 

PSI= 4.85 - l.91log(SV-2.0)-0.0l(C + P)y' -1.38 RD2 (2) 

The texture correction was made as follows: 

PSI (corrected)= PSI+ 0.140(n o.s6o (3) 

where T is average texture determined with the 
texturemeter. 

Rut depths were measured with the AASHO Road Test 
(1) rut-depth gauge for the routine-measurement 
program. The device measures the depth of rut over 
a 1.22-m (4-ft) span. Several randomly located 
spots were measured. 

Cracking maps were prepared for each test section 
and updated periodically. Class 2 and class 3 
cracks, identified as alligator cracks, were 
reported in square meters per 100 square meters of 
pavement. Class 2 cracks were defined (9 . 10) at< 
cracking that has progressed to the stage -;twhich 
the cracks become connected to form a grid-type 
pattern. Class 3 cracking was defined as that in 
which segments of the pavement surface have become 
loose. The number of transverse cracks and the 
total linear meters of all cracks, both longitudinal 
and transverse, also were reported. 

The procedure adopted for the Benkelman-beam 
deflection measurement was the pavement-rebound 
procedure by using a 40-kN (9000-lbf) wheel load as 
published by the Canadian Good Roads Association 
(12) and the Asphalt Institute (13). For each test 
series, five locations in the outer wheel path of 
each lane of each test section were selected at 
random for testing. Thus, a total of 10 deflections 
was obtained for each test section. 

Benkelman-beam deflection data were reported as 
recorded and as corrected to a standard temperature 
of 21.l"C (70°F). Temperature corrections were made 
by using curves developed in part from data col­
lected on the project as described by Kingham (14) 
and which had been included in the Asphalt Institute 
publication (13) for many years. Temperatures were 
measured by using thermocouples until 1971, when the 
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imbedded thermocouples were no longer giving satis­
factory service. Afterwards the procedure described 
in the Asphalt Institute publication (13, Chap. XII) 
was used to estimate pavement temperatures.- This 
procedure uses the pavement surface temperature and 
the preceding five-day mean air temperature. 

Radius of curvature was determined by using the 
Dehlen curvature meter (.!2}. Curvature data were 
not used in the analysis of performance data and are 
not reported in this paper. 

LABORATORY MATERIALS CHARACTERIZATION STUDIES 

The objective of the laboratory materials charac­
terization program was to obtain data that could be 
used to apply elastic theory to a study of the 
pavement performance data. The tests included (a) 
triaxial compres.sion resilient modulus Mr tests on 
the subgrade soils and untreated base and subbase 
materials, (b) unconfined dynamic modulus 1E*1 
on the asphalt concrete surface and base mixtures 
and the two hot-mix sand asphalt base mixtures, and 
(c) repeated-load flexural fatigue tests on the 
asphalt concrete surface and base mixtures and the 
two hot-mix sand asphalt base mixtures. The tests 
were performed in the Asphalt Institute laboratory. 

Repeated-load triaxial compression tests were 
performed to determine the resilient modulus Mr of 
the subgrade soils and the untreated granular sub­
base and base materials. Procedures and equipment 
for Mr determinations are described by Kallas and 
Riley <11 and in the Asphalt Institute Soils Manual 
(16). The data showed that the Mr of the subgrade 
soil--depending on soil type, water content, den­
sity, and the deviator stress and confining pressure 
test condi tions--ranged between 27. 6 and 227. 5 MP a 
(4000 and 33 000 psi). The Mr of both the gravel 
aggregate base and subbase, depending on water 
content, density, and deviator stress and confining 
p:reasure tetat conditions, va:ried between 82.7 and 
448 MPa (12 000 and 65 000 psi). 

Dynamic modulus l E* 1 and phase lag 4> were 
determined on laboratory-prepared samples of the 
asphalt concrete surface and base-course mixtures 
and on the low-stability and high-stability hot-mix 
sand asphalt base-course mixtures at temperatures of 
4.4, 21.1, and 37.e•c (40, 70, and lOO"F). Loading 
frequencies of 1, 4, and 16 Hz were used at each 
test temperature. Equipment and procedures for 
these tests have been described elsewhere (2). 

Dynamic-modulus tests also were performed on 
cores to obtain information on modulus changes of 
the asphalt base courses with aging and traffic and 
for comparison with the modulus of laboratory­
prepared specimens. Cores were obtained in 1965 
shortly after the project was opened to traffic, in 
1971 after the first pavement cracking was observed, 
and in 1976 at the time the final field measurements 
were made. Cores were obtained from wheel-path 
locations but not from the same test section at each 
sampling. Thus, modulus test results for cores 
include any variations due to the sampling loca­
tion. Dynamic modulus 1E*1 and phase lag 4> 

were determined at the same temperature and loading 
frequencies used for laboratory specimens except 
that the 1971 and 1976 core tests were also made 
with loading frequencies of 0.01 and 0.1 Hz at 
temperatures of -12.2 and 4.4°C (10 and 40°F) to 
obtain modulus data at lower temperatures and longer 
loading times. 

Average values of 1E*1 for loading frequen­
cies of 1, 4, and 16 Hz at each test temperature of 
4.4, 21.1, and 37.8°C are shown in Figure L Aver­
age 1E*1 values for the asphalt concrete base 
show an increasing trend from 1965 to 1976. Average 
l E* l values for both low-stability and high-
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stability sand asphalt bases increased from 1965 to 
1971 and then decreased from 1971 to 1976 to 
slightly below the 1965 levels. Average 1 E* I 
levels of asphalt concrete base were considerably 
above those of the sand asphalt base course. 

Relationships between 1E*1 at 4 Hz and 
temperature for laboratory-prepared specimens and 
the 1965, 1971, and 1976 cores are shown in Figures 
2 and 3, respectively, for the asphalt concrete base 
and the low-stability sand asphalt base. The 
1 E* I of the laboratory specimens was about 12-33 
percent greater than that for the 1965, 1971, and 
1976 core specimens. Based on core test results, 
the modulus changes in all the asphalt base courses 
are relatively small and generally less than the 
difference between the modulus of laboratory­
prepared specimens and the modulus of the cores. 

Repeated-load flexure tests were made to deter­
mine constant stress fatigue behavior of the asphalt 
concrete surface and base courses and the high­
s tabili ty and low-stability sand asphalt base 
courses. Equipment and procedures for the fatigue 
tests have been described by Kallas and Puzinauskas 
(17). Constants, correlation coefficients, and 

Figure 1. Average 
dynamic modulus of 
cores. 

Figure 2. Temperature 
versus dynamic modulus: 
asphalt concrete base. 
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6 ~~-.--.---.~.--~-.--.---.~.--.--.--. 

4 

3 

2 
1965 1970 

YEAR 
1975 

DYNAMIC MODULUS, GPa 
14 .---~,-,..---.--~,--~-.-~-.-~~ 

12 

10 

8 

6 

4 

2 

0 

LABORATORY 
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10 20 30 40 50 
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Table 2. Results of flexural fatigue tests on 
asphalt mixtures as function of strain. Course 

No . of 
Specimens 

AC surface 9 
AC base 8 
LSS asphalt 3 
HSS asphalt base 2 

Nole: t °C = (t°F- 32)/1.8. 

3 

standard errors are given in Table 2 for the least­
squares regression equation Nf = k1(l/c)n 
for log-log plots of initial bending strain c 
versus number of load applications to fracture Nf 
for the asphalt courses. 

Test properties of the original asphalt and of 
asphalt extracted from the 1976 asphalt base and 
surface course cores are given in Table 3. Compared 
with the test properties of the original asphalt, 
there was little change in the consistency of the 
asphalt in the asphalt base courses from 1965 to 
1976. The asphalt hardened slightly more in the 
asphalt concrete base than in the sand asphalt base 
courses. The asphalt hardened considerably more in 
the asphalt concrete surface course than in the base 
course. 
ANALYSIS OF ROUTINE FIELD-PERFORMANCE DATA 

An overall picture of the relative performance of 
different test sections at the end of the measure­
ment period can be found in Table 4, a summary of 
measurements made in September 1978. The 1978 data 
were the last set obtained on the project. Measure­
ments included in Table 4 are PSI, rut depth, crack­
ing, and deflection. Averages for both eastbound 
and westbound roadways are given. 

In 1976 and 1977, a preliminary study was made of 
selected data collected between 1970 and 1976 by 
using analysis-of-variance (ANOVA) techniques. The 
following measurements were included in the study: 
PSI, corrected for texture; rut depth; linear meters 
of cracking per 1000 square meters of pavement; 
alligator cracking; number of transverse cracks; 
linear meters of transverse cracking; and Benkelman­
beam deflection, corrected for temperature. The 
purpose of the analysis was to determine base type 
or base thickness effects as measured by these 
parameters, one of the major objectives of the 
project. The analysis was made for the test sec­
tions on the A-7-6 soil type (Sections 1 through 14) 
and for each year and each lane, where data per­
mitted. A conventional two-way ANOVA with a single 
observation per cell and partial replication was 
used (18). 

Figure 3. Temperature versus 
dynamic modulus: low· 
stability sand asphalt base. 

Temperature Constant 
(·c) k1 

21 2.73 x 10·7 

21 2.01 x 10"5 

21 8.97 x 10·1 

21 2.82 x 10·11 

DYNAMIC MODULUS, GPa 
12 .--~..--~.,--~.,----~.-~-.-~~ 

10 

8 

6 

4 

2 

LABORATORY 
SPECIMENS 

1911 a 1965 
CORES 

TEMPERATURE, °C 

Constant Correlation 
nl Coefficient SDE 

3.25 0.91 0.52 
2.69 0.98 0.18 
3.25 0.99 0.13 
4.60 
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Results of the ANOVA indicated that, in general, 
there were no highly significant differences between 
base types or base thicknesses for most cf the 
measurements and years included in the analysis. No 
significant differences in PSI could be attributed 
to either base type or base thickness. Visual 
inspection of the 1978 data summarized in Table 4 
confirms this observation. A regression analysis of 
the PSI trend data also confirmed the conclusion, 
although there was a slight effect of thickness in 
this study. 

The fact that there is almost no effect of base 
thickness on PSI 101111 indicates that most of the 
loss in PSI observed after 12 years of traffic was 
not load associated. The absence of alligator 
cracking in the sections with thin treated bases 
also supports this thesis. Surface erosion of the 
matrix from the surface of the pavement had a large 
effect on the PSI measurements made with the CHLOE 
prof ilometer and indicates that most of the PSI loss 
can be laid to envirorunental influences. The 

Table 3. Test properties of original asphalt and asphalt recovered from 1976 
base and surface-course cores. 

Asphalt Extracted from 1976 Cores 

AC HSS 
Test Property Original Base Base 

Viscosity 
15 .5°C (Mpoises) 26 
60°C (poises) 2546 3499 3147 
I 35°C (cSt) 427 545 478 

Penetration, l 00 g, 5 s, 0.1 60 55 55 
mm 

Softening point (ring and 53.9 53.3 
ball) (°C) 

Ductility, 25°C (5 cm/min) 150+ 
(cm) 

Specific gravity, 25°C 1032 
Thin-film oven residue: 

Penetration, 25"C ( l 00 g, 5 s) 40 
Viscosity, 60°C (poises) 5636 
Viscosity, 135°C (cSt) 627 

Notes: t"C = (t"F- 32)/l.8; 1 mm= 0.04 in; 1 cm= 0.39 in. 

Table 4. Summary of measurements made September 1978. 

Section 

Pavement Thickness 
(mm) 

Asphalt 
Surface 

LSS 
Base 

3001 
459 
60 

52.8 

PSI 

AC 
Surface 

11 023 
800 
31 

59.4 

No. Base Type and Base 

Untreated 
Base and 
Sub base PSI Corrected" 

7 AC 201 
12 AC 234 
4 AC 279 
8 AC 269 

16 AC 190 
15 AC 254 
17 AC 236 
10 LSS 196 
2 LSS 239 
3 LSS 297 

13 LSS 269 
18 LSS 193 
19 LSS 234 
5 HSS 198 
9 HSS 226 
6 HSS 274 
I Standard 71 

II Standard 66 
14 Standard 56 
20 Standard 71 

Note: I mm= o.04 in; t°C = (t°F- 32)/J.8. 

~Corruc: ted for h:·x.lure. 

404 
442 
422 
409 

1.6 
1.7 
1.8 
1.6 
1.9 
1.8 
1.6 
l.6 
1.8 
2 .0 
1.6 
2.0 
2.0 
1.6 
1.7 
l.7 
l.7 
1.9 
l.8 
1.9 

1-.if'C-e1nt total illft," cracked. 
cBenkelman-beam deflection taken after spring thaw, corrected to 21.1°C. 

2.5 
2.7 
2.6 
2.4 
3.0 
2.5 
2.5 
2.5 
2.6 
2.6 
2.5 
2.4 
2.3 
2.5 
2.7 
2.4 
2.7 
2.4 
2.5 
2.6 
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presence of alligator cracking in the standard 
sections with thin asphalt surfacing and untreated 
bases and the prese nce of a small amount cf rutting 
in all sections indicates that axle loads did have 
an effect on the pavements, however. 

A considerable amount of transverse cracking, 
possibly a low-temperature cracking phenomenon, was 
observed on the project. However, there does not 
appear to be any relationship between this cracking 
and PSI. Transverse cracking was first observed on 
the project in 1971 after a particularly severe 
winter. Some longitudinal cracking was observed 
prioit to thia in untiteated ba•• aeotion 20 and in 
the paved shoulders, but it was not extensive. 

Three major types of cracking were logged in a 
study of the cracking maps: alligator cracking, 
transverse linear cracking, and longitudinal linear 
cracking. The distribution of the three types of 
cracking is summarized below: 

Base Percentage of cracking b:£ !:£Ee (19781 

~ Alligator Tr ansverse Lo ngitudinal 
AC 2 70 28 
LSS 4 70 26 
HSS 3 73 24 
Standard 30 38 32 

Percentage of cracking is defined in this study as 
the percentage of blocks, or arbitrary units of 
area, 0.61 m (2 ft) long (direction of traffic) and 
0.3 m (l ft) wide (transverse direction) that 
exhibit cracking of the type indicated. 

It is apparent that alligator cracking distress 
was a major factor only in the untreated base test 
section. In 1978 these sections averaged 9 percent 
alligator cracking after 140 000 load repetitions. 
Alligator cracking is usually associated with pave­
ments that exhibit fatigue distress. 

By far the most prevalent form of cracking in the 
asphalt base sections was transverse and longi­
tudinal linear cracking. The extent of this crack­
ing can be observed in Figure 4. The first analysis 
of this type of cracking was made by Kingham in 1972 
shortly after it was observed. Kingham observed 
that the transverse orientation of the cracks ob-

Percenta~e of 
Cracking 

Rut Depth Deflection° 
(mm) Alligator Total (mm) 

5 l 22 0.36 
5 l 26 0.25 
3 l 18 0.15 
5 l 20 0.30 
5 0 7 0.40 
5 I 8 0.30 
5 0 7 0.30 

IO 1 10 0.46 
10 I 12 0.33 
10 I 16 0.25 

8 l 15 0.30 
13 l 15 0.38 
10 I 7 0.36 

8 I 25 0.41 
5 I 19 0.33 
8 l 14 0.30 
3 2 25 0.41 
3 12 35 0.30 
3 16 36 0.33 
3 7 22 0.25 
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Figure 4. Transverse shrinkage cracking. 

served after the severe winter pointed to the like­
lihood that they resulted from thermal shrinkage, a 
phenomenon that at that time was attracting con­
siderable attention in Canada and in parts of the 
United States. Kingham used techniques in his 
investigation subsequently reported by Haas (.!2) • 
He used the results of original tests on the asphalt 
from the project and data obtained from asphalt 
concrete core samples obtained from the roadway. 
Critical temperatures when cracking first appeared 
were of the order of -21.7°C (-7°F) for the asphalt 
pavement. A -30°C (-22°F) air temperature was 
observed. By using properties of the asphalt cement 
and the core samples, Kingham was able to conclude 
that the pavements would be expected to crack at 
these temperatures. He stated, however, that his 
investigation was limited and that further investi­
gations should be made. 

In subsequent years, the amount of linear crack­
ing increased, even though winter temperatures never 
were as low as those observed at the time the crack­
ing was initiated. In general, the greatest amount 
of cracking in test sections constructed with hot­
mix sand asphalt bases occurred in 1971, whereas the 
greatest amount occurred in the asphalt concrete 
base and standard sections in 1974 or in later 
years. These differences were not great, however. 

Rut-depth data from Table 4 for the asphalt base 
sections of approximately equal thickness are sum­
marized below for comparison (1 mm • 0.004 in; range 
is distance between sections): 

Base Ru t oeeth !mml Approximate Base 

~ Location ~ Range Thickness !mm! 
AC West 5 0 165 
LSS West 10 0 165 
HSS West 8 3 165 
AC East 5 0 165 
LSS East 13 3 165 

The summary indicates that, when compared on the 
basis of equal thickness, the hot-mix sand asphalt 
bases deformed more than the asphalt concrete base 
did and that the high-stability hot-mix sand asphalt 
mix was more resistant to deformation than was the 
low-stability mix . The rut depths observed for the 
standard untreated base sections were less than any 
observed for the asphalt-treated base sections, 
except Section 4 (279 mm of asphalt concrete). 

An attempt was made to investigate the relative 
resistance to rutting of the different bases through 
the application of linear regression techniques. 
Two analyses were made: a comparison between the 
asphalt-treated bases and a comparison between the 
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asphalt concrete base and the standard base. Unfor­
tunately, the analysis between the asphalt bases was 
not successful because of the large amount of 
scatter in the data. However, the results did 
confirm the fact that the different bases performed 
differently, and they were useful in calculating the 
layer equivalency values reported later. 

Routine Benkelman-beam deflection data, taken in 
the spring after thaw, and radius-of-curvature data 
are summarized in Table 4 for 1978. A simple linear 
regression analysis and 1978 data were used to 
determine whether there was a significant effect of 
base thickness or base type on deflection. The 
following model was used in analysis: 

(4) 

where 

a0 , al, a2 regression coefficients, 
T base thickness, 
c base code -0 for asphalt concrete, 

and 
c base code • l for LSS and HSS bases. 

The 1978 data points and a plot of the derived 
curves can be seen in Figure 5. 

In this analysis both the base-thickness term and 
the base-type code term were statistically signifi­
cant from zero; i.e., deflection reflected both base 
type and base thickness. Comparisons on the basis 
of equal deflection were made from the equations. 
Approximate ratios of 1.1 to 1.2 were obtained for 
thickness of low-stability and high-stability sand 
asphalt compared with asphalt concrete. A similar 
comparison was made between the average thickness of 
standard untreated base and the calculated thickness 
of asphalt concrete for the average deflection of 
the untreated base. The deflection value in this 
case was 0.33 mm (0.013 in) and the thickness ratio 
was 1.9 (419/216) , 

SPECIAL STUDIES 

Several special field studies, not considered part 
of the routine measurement program, were made during 
the life of the project: These included a continu­
ing study of subgrade moisture conditions, special 
deflection studies, and a trench study, 

Subgrade moisture studies were made in a number 
of test sections in 1965, 1966, 1967, 1968, 1969, 
1971, 1972, and 1974. Figure 6 shows schematically 
the distribution of moisture content obtained in 
1968 test sections 3 and 7. Table 5 summarizes 
moisture data obtained from sections 3, 7, and 11 on 
a routine basis in the years 1967, 1968, 1969, 1971, 
1972, and 1974 for the top 305 mm (1 ft) and second 
3 05 mm on the centerline and approximately 3. 05 m 
(10 ft) on either side of the pavement centerline. 
From earlier studies of data such as those presented 
in Figure 6, it appeared that the subgrade under the 
full-depth asphalt sections was drying out, whereas 
under the untreated base sections the subgrade was 
getting wetter. This appears to be the case from 
Figure 6, but it is not clearly evident from the 
data in Table 5. 

Large seasonal variations in deflection were 
observed in the full-depth asphalt sections, whi ch 
appeared to be related to differences in temperature 
rather than moisture or frost effects. A study of 
temperature effects was initiated in 1966. The 
study was designed to measure pavement deflections 
over a temperature range of -1 °C to 3 7. 8 °C ( 30-
1000F). Two levels of subgrade strength, tempera­
ture, and thickness were included. Low subgrade 
strength conditions were evaluated in the spring and 
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high strength conditions were evaluated in the late 
summer or fall. The program was completed over a 
twcr-year time period, 1966-1968. These data along 
with similar data collected on the San Diego County 
Experimental Base Project (1.Q.l were used to develop 
temperature-deflection correction curves (1]). 

In late 1976, trenches were cut in the eastbound 
lanes of Sections 10 and 18 to study more closely 
the rutting that had occurred in these sections. 
Sections 10 and 18 consisted of a nominal 140-mm 
(5.5-in) thickness of low-stability hot-mix sand 
asphalt base. Rut-depth data from the trench study 
lnd!catecl thctt lht! che111gt! 111 lliickness of the 
surface course was approximately 5 percent, or about 
13 percent of the total rut depth. The hot-mix sand 

Figure 5. Deflection 
versus base thickness. 

Figure 6. Result! of 
moisture study. 

DEFLECTION, mm 

0.50 ~-~--,----r----.-----. 

0.40 
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0.10 
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100 200 300 400 500 
SURFACE PLUS BASE THICKNESS, mm 

OPT. 

Table 5. Summary of routine subgrade moisture measurements. 

Percentage of Moisture 

Section 3 Section 7 
Subgrade Depth8 

Year (mm) Nb c s< N c 

1967 Top 0.3 m 15 21 15 II 14 
Next 0.6 m 16 20 14 14 17 

1968 Top 0.3 m 18 21 15 II 10 
Next 0.6 m 17 21 19 14 18 

1969 Top 0.3 m 13 21 20 19 19 
Next 0.6 m 15 21 20 20 19 

1971 Top 0.3 in 15 19 18 16 16 
Next 0.6 m 20 22 21 20 20 

1972 Top 0.3 m 13 II 13 15 16 
Next 0.6 m 19 21 21 20 21 

1974 Top 0.3 m 20 19 20 19 9 
Next 0.6 m 20 20 19 21 14 

Avg Top 0.3 m 16 19 17 15 14 
Next 0.6 m 18 21 20 18 18 

Section avg Top 0.3 m 17 15 
Next 0.6 m 20 18 
Top 0.9 m 18 16 

Note: 1 mm= 0.04 in. 
8 Approximate depth. bN =approximately 3 m north of centerline of roadway. 
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asphalt base was reduced in thickness about 10 
percent or about 73 percent of the rut depth. About 
14 percent of the rut was attributed to the subgrade. 

Since the above study involved only one base type 
and one base thickness, no comparisons can be made 
with other base types or thicknesses. However, the 
data do confirm that the source of the rut is pri­
marily the base and that from a structural viewpoint 
the subgrade was not significantly overstressed. 

RELATIVE THICKNESS REQUIREMENT OF 
PAVEMENT MATERIALS 

In the American Association of State Highway and 
Transportation Officials (AASHTO) Interim Guide <ill 
and the Colorado Roadway Design Manual ( 22) , the 
relative contributions of different types of base 
and subbase are expressed as coefficients in an 
equation of the form shown below: 

where 

(5) 

SN - structural number, obtained from the 
design method for a given design 
situation; 

a, b, c coefficients that vary with material 
type; and 
thickness of surface, base, and sub­
base layers, respectively. 

A list of coefficients used in the AASHTO and 
Colorado design methods is given in Table 6. 

Two of the analyses presented in this report, the 
rut-depth analysis and the deflection analysis, pro­
duced results that were used to estimate material 
coefficients for the materials used as base on the 
project. These values are given in Table 7. 

In addition to the coefficients for the base 
materials, there are indications from the analysis 
of rut depth presented earlier and from an analysis 
of deflection data not included that the coefficient 
for the asphalt surface course should be higher than 
0.44. The values obtained were 0.94 and 0.48, 
respectively. It would seem, however, that the 
frequently used value of 0. 44 would be more reason­
able for use in routine design. 

Section 11 
Avg All 

s N c s Sections 

15 20 20 20 17 
17 18 18 18 17 
15 7 10 9 13 
17 19 21 21 19 
18 19 19 18 18 
20 22 22 22 20 
16 16 20 17 17 
21 23 24 23 22 
13 14 15 17 14 
19 22 22 22 21 
18 19 20 19 18 
20 24 23 23 20 
16 16 17 17 16 
19 21 22 22 20 

17 
22 
19 

cs= approximately 3 m south or centerline of roadway . 
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Table 6. Comparison of layer coefficients. 

Material 

AC surfacing (01 ) 

AC base (02 ) 

LSS base (02) 
HSS base ( 0 2 ) 

Standard base (02 ) 

Standard subbase (03 ) 

AASHTO Guide 
Coefficients' 

0.44 
0.34 
0.30 
0.30 
0.14c 
0.11 

Colorado Method 
Coefficientsb 

0.25-0.44 
0.22-0.34 
Not included 
Not included 
0.10-0.14 
0.10-0 .14 

~Adoprod in 1961; values used by many individual states are diffctc.nc. 
F\Jnatlons of strength of n\Q. lerial as measured by Re-values for iasp hnlt mixes 
and K·Vle lues for aggregate bases. 

cNormully applied to crushed stone. 

Table 7. Estimated layer coefficients. 

Rut-Depth Analysis Deflection Analysis Average 
Base 
Material Ratio Coefficient Ratio Coefficient Ratio Coefficient 

AC 1.0 0.34 1.0 0.34 l.O 0.34 
LSS 1.8 0.19 1.2 0.28 1.5 0.24 
HSS 1.2 0.28 1.2 0.28 1.2 0.28 
Standard" 2.4 0.14 l .9 0.18 2.2 0 .16 

3 1ncludes base and subbase. 

RESISTANCE TO RUTTING AND CRACKING 

Based on information reported in Table 4, it is 
possible to rank the base types in order of their 
resistance to a given form of distress or per­
formance variable; i.e., roughness (PSI), rut depth, 
alligator cracking, and transverse shrinkage crack­
ing. The results of this ranking process are given 
below (0 =equal, 1 =best, etc.): 

Rank b~ Performance Variable 
Base Roughness Rut Alligator Transverse 

~ ! PSI) Depth Crack i ng Cr ackin9 
AC 0 2 0 1 
HSS 0 3 0 4 
LSS 0 4 0 3 
Standard 0 1 4 2 

CONCLUSIONS 

The different base types included in the Ordway 
Colorado Experimental Base Project exhibited dif­
ferent abilities to resist various forms of distress: 

1. The asphalt concrete base mixture provided 
the best resistance to rutting and to all forms of 
cracking, 

2. Both hot-mix sand asphalt bases provided 
equally good resistance to alligator cracking, but 
the low-stability hot-mix sand asphalt mix provided 
less resistance to rutting than the other bases, and 

3. The untreated base and subbase provided the 
best resistance to rutting but the least resistance 
to alligator or load-associated cracking. 

After 12 years of traffic without major mainte­
nance, all test sections were exhibiting substantial 
erosion of the matrix from the asphalt concrete 
surface course and severe transverse shrinkage 
cracking conditions. These conditions were somewhat 
more severe than was observed on pavements on 
adjacent highways. Also, some of these conditions 
may have been partly overcome by normal maintenance 
procedures; however, because of the experimental 
nature of the project, no maintenance was permitted. 

Analysis of rut-depth and deflection data pro­
duced the following average layer coefficients: 
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asphalt concrete surface course, 50 mm (2 in) thick, 
>0.44; asphalt concrete base course, 0.34; hot-mix 
sand asphalt base, 0.24-0.28; and untreated aggre­
gate base and subbase, 0.16. 
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Use of Deflection Measurements for Determining Pavement 
Material Properties 
B. FRANK McCULLOUGH AND ARTHUR TAUTE 

This paper develops and describes models and constraints for using Dynaflect 
measurements to obtain the elastic-modulus inputs for layered theory. A 
nomograph is provided for determining the subgrade modulus of elasticity by 
using the sensor-1 and sensor-5 deflections. A graph and equations for cor­
recting these modulus properties based on the thickness of the subgrade are 
also provided. In addition, problems associated with the modulus predictions 
considering stress sensitivity of pavement materiais, variations of subgrade 
stiffness with depth, seasonal effects, and discontinuities in the pavement 
structure are described. A step-by-step summary procedure is provided to 
permit a designer to readily utilize the information presented in the body 
of the report. 

Mechanistic design procedures require the use of a 
suitable theory and model to analyze the behavior of 
a pavement structure. Plate, layered, and finite­
element theories have been used for this purpose. 
Typically, these theories are used to compute the 
tensile stresses in the upper, bound pavement 
layers, which are then input into a fatigue equation 
to predict the life of the pavement. Use of one of 
these theories requires that the materials that make 
up the pavement be suitably characterized. 

Plate theory is often used for rigid pavement 
design; if so, the concrete layer is represented by 
a relatively stiff plate and the lower layers are 
characterized as a bed of linear springs. Elastic­
layered and finite-element theories have also been 
used with success for rigid pavement design. These 
last two theories use Young's modulus and Poisson's 
ratio to characterize the stress-strain behavior of 
the pavement materials. 

Taute, McCullough, and Hudson !ll have shown that 
plate and layered theories predict similar tensile 
stresses in the bottom of a concrete pavement layer 
when the supporting structure consists of granular 
material. The spring constant K used in the plate­
theory calculations is equated to the layer moduli 
used in layered-theory calculations by computing the 
deflection of the subbase under a plate load with 
layered theory. This deflection is used to obtain 
the equivalent k-value of the supporting structure. 

Layered-theory computer programs that can predict 
the state of stress, strain, and deflections of 

pavement structures at minimal cost are freely 
available. For this reason, layered theory is often 
used in mechanistic design procedures. Shortcomings 
of the theory, such as the inability to predict 
pavement stresses under an edge-loading condition, 
can be overcome hy lJBing stress-modification fac­
tors. These factors can be calculated by using 
plate or finite-element theories. 

OBJECTIVE 

Because layered-theory analysis is often used for 
mechanistic pavement analysis, the material proper­
ties most often required for the pavement layers are 
Young's modulus and Poisson's ratio. Both labora­
tory and in situ methods are available for determin­
ing these material characteristics. The objective 
of this paper is to develop and describe the tech­
niques, models, and constraints involved in using 
deflection measurements to obtain the inputs to 
layered theory. 

DEFLECTION MEASUREMENTS 

The use of deflection measurements for the estima­
tion of pavement layer stiffnesses is rapidly gain­
ing popularity and application. Computer programs 
that model the pavement layers as homogeneous, 
isotropic, elastic layers provide reasonable esti­
mates of pavement behavior under loading. A Dyna­
f lect is at present used in Texas to obtain pavement 
deflection measurements. Thus, the developments in 
this paper are based on Dynaflect loadings, but the 
concepts are applicable to any deflection-measuring 
device. 

The Dynaflect uses two masses rotating in oppo­
site directions to apply a cyclic load to the pave­
ment surface. The cycle frequency used is typically 
8 Hz and the peak-to-peak load applied is 1000 lb on 
two steel load wheels placed at 20-in centers. The 
peak-to-peak deflections are measured by five geo­
phones at 1-ft intervals; the first one is placed 
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Figure 1. Effect of layer moduli on Dynaflect deflection basins for typical 
rigid pavement structure. 

Oynaf lee t Sensor1 

t' i2 3 4 

,2 

E 4 

c 
0 

-. 
0 

I Or L---
:;:---
[ -----
:;:-----
J.-·- ·- ·-
:;:-·- ·- ·-

Distance From Oynaflect 
Load Wheels, ft 

6 e 10 

]38 s '"" •• E1 • 

6" E 
Ul 2 ~ 

E3 

Loyer Moduli, psi 

E1 E2 E3 

1.106 51105 20,000 
4xl06 11105 20,000 
71106 s .. 105 15,000 
4KIQ6 1x105 15,000 
7.i.106 5x105 10,000 
4x106 1x105 10,000 

Figure 2. Relationship between Dynaflect sensor·5 modulus and subgrade 
modulus for different rigid pavement thicknesses. 
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directly between the wheels. This device thus pro­
vides an indication of the displacement and shape of 
the deflected surface within 4 ft of the load 
wheels. In the following sections, procedures for 
estimating material properties from Dynaflect de­
flections and problems associated with these predic­
tions are discussed. 

Estimation of Material Properties from 
Dynaf l e ct Deflect i ons 

The pavement layer stiffnesses may be estimated from 
Dynaflect deflection measurements by using elastic­
layered theory as follows: 

1. Pavement layer thicknesses, initial estimates 
of the pavement layer moduli, and the loading and 
deflection measurement configuration are input into 
the computer program. 

2. The computed deflections at the five geophone 
positions can be compared with those actually mea­
sured in the field. 

3. The layer moduli used in the computer program 
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can now be adjusted to improve the fit of the pre­
dicted and actual deflection basins. 

4. This process is repeated until the two de­
flection basins are virtually the same. The process 
may have to be repeated several times before a rea­
sonable fit is obtained. 

Knowledge of the effects of changes to the vari­
ous layer moduli on the shape and position of the 
deflection basin may speed the process consider­
ably. Some of the terms commonly used with deflec­
t ion basins are as follows: 

1. Sensor-i deflection, Wi; 
2. Surface curvature index (SCI), Wl-W2; 
3. Base curvature index (BCI), W4-W5; 
4. Spreadability, (Wl + W2 + W3 + W4 + W5)/5Wl; 

and 
s. Slope of the deflection basin, Wl-WS. 

These parameters are related to the stiffness of 
one or more of the pavement layers in varying de­
grees. This factor is illustrated in Figure 1, in 
which deflection basins predicted by layered theory 
for different layer moduli are presented. Typical 
concrete pavement structures consist of a concrete 
pavement layer, a stabilized subbase layer, and a 
subgrade. 

A large number of layered-theory computations 
were made by using this type of pavement structure, 
and the following conclusions have been drawn: 

1. As illustrated in Figure 1, changes to the 
surface or stabilized subbase modulus result in sig­
nificant changes to the sensor-1 deflections and 
only minor changes to sensor-5 deflections. These 
correspond to a change in the deflection basin slope. 

2. Changes to the subgrade moduli result in 
significant changes to both sensor-1 and sensor-5 
deflections. Both these deflection parameters are 
affected approximately proportionally by changes to 
the subgrade modulus, and there is little change to 
the deflection basin slope. 

Therefore, it can be hypothesized with the use of 
interior measurements on a concrete pavement that 
the subgrade modulus may be predicted from the de­
flection at any sensor and that the slope of the 
basin may be used to predict the surface and subbase 
moduli. However, the prediction of the subgrade 
modulus from the sensor-5 deflection will be fairly 
accurate for a wide range of surface and subbase 
moduli because of the small effect that these moduli 
have on this deflection parameter. In the case of 
the basin slope, however, an infinite number of com­
binations of surface and stabilized subbase moduli 
exist that, when used in layered-theory analysis, 
will predict approximately the same basin slope. 

A number of figures have been prepared to sim­
plify the calculation of layer moduli from Dynaflect 
deflections. Because the pavement stiffness has a 
minor effect on the fifth sensor deflection, Figure 
2 shows the subgrade modulus as a function of 
sensor-5 deflection and the rigid pavement thick­
ness. Both the layer modulus and the thickness of 
the layer affect the stiffness of the layer, but the 
latter variable is much more important. 

The relationship in the figure was obtained by 
regression analysis of data obtained from layered­
theory computations. In the log-log form presented 
in Figure 2 and for constant upper-layer moduli and 
thicknesses, the subgrade modulus is very highly 
correlated to deflection at any point on the pave­
ment surface. The regression equations used in Fig­
ure 2 and their correlation coefficients and stan­
dard errors are shown on the figure. With these 
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Figure 3. Nomograph for predicting Dynaflect deflection basin slope (W 1 · W5t 
for rigid pavements. 
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equations, the subgrade modulus may be estimated 
with the sensor-5 reading. 

The upper-layer moduli-deflection basin slope 
relationships may be developed for different sub­
grade moduli for typical conditions by using numer­
ous layered-theory computations. From such a study 
it was noted that a number of combinations of sur­
face and subbase modulus values can result in a 
given basin slope. 

A nomograph has also been prepared for trial-and­
error calculations of deflection-basin slopes from 
estimates of layer moduli. The equation used for 
the development of the nomograph in Figure 3 was 
obtained from regression analysis of layered-theory 
i:o.sults. The correlation coefficient of this equa­
tion is 0.98 and the standard error of the residuals 
is 8 percent. 

The upper-layer thicknesses and estimates of the 
layer moduli are used in the nomograph to obtain a 
prediction of the deflection basin slope under a 
Dynaflect load. The selected moduli can be modified 
until the basin slope obtained in the nomograph 
coincides with the slope obtained in the field. The 
numbers above each scale on the nomograph indicate 
the sequence at which the lines should be crossed. 
From the nomograph, it is apparent that the basin 
slope is extremely sensitive to surface and subbase 
layer thicknesses and moduli. Thus, whenever possi­
ble, laboratory testing should be used to corrobo­
rate moduli obtained from this procedure. 

In the past, the surface curvature index (SCI) 
has often been correlated to layer stiffnesses for 
asphalt pavements (2). As shown in Figure 1, a typ­
ical deflection basin for rigid pavements is very 
flat with a large radius of curvature. Thus, for 
rigid pavements, the SCI is a very small quantity 
and any small measurement inaccuracies in the Dyna­
f lect may result in a considerable change in SCI. 
This may be the cause of the larger average coeffi­
cient of variation of the SCI (50 percent) than of 
the basin slope (30 percent), as found in numerous 
field studies (]). For this reason, the slope of 
the basin (sensor 1 minus sensor 5) has been corre­
lated to the upper layer stiffnesses rather than to 
SCI. 

Problems Associated With Predictions of 
Deflection Modulus 

A number of factors exist that may result in inaccu­
rate predictions of moduli from deflection measure­
ments: (a) stress sensitivity of pavement materi­
als, (b) variation of subgrade stiffness with depth, 
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(c) seasonal effects, and (d) discontinuities in the 
pavement structure. All these factors lead to sig­
nificant changes in the deflection measurements and 
consequently to the moduli predicted from these de­
flections. If these problems are recognized, de­
flection measurements or calculated moduli can be 
adjusted to account for them. In the following 
paragraphs, methods of accounting for these problems 
are discussed. 

Stress Sensitivity 

The fact that pavement materials do not behave in a 
linear-elastic fashion has long been established. 
In May 1962 at the St. Louis conference on the AASHO 
Road Test (3), data were presented that showed that 
deflections - were not proportional to load. In the 
discussions that followed, Hveem stated that 
deflection-load relationships depended on the nature 
of the subgrade soil. Subsequent resilient-modulus 
tests of subgrade soils have shown that the stress­
strain relationship depends to a large degree on 
soil type (4,5). Most pavement materials are not 
linearly el~stic and the moduli may vary with 
stress. Clayey soils may be stress softening (i.e., 
result in reduced modulus with increased stress) , 
whereas granular materials may be stress hardening 
(have increased modulus with increased stress). The 
Texas overlay design procedure takes only the stress 
sensitivity of the subgrade into account by using 
the slope of the resilient modulus--principal stress 
difference line. 

Dynaflect deflections do not provide any indica­
tion of the stress sensitivity of the pavement ma­
terial. Deflection devices that are capable of 
applying different loads to the pavement may provide 
some indication of the stress sensitivity of the 
material. Generally, at this stage of development, 
an indication of the stress sensitivity of the sub­
grade is obtained from resilient-modulus tests. 

Variation of Subgrade Stiffness With Depth 

Deflection measurements provide an indication of the 
pavement's response to loading. Layered-theory 
modeling of the pavement structure typically assumes 
that the subgrade has a semiinfinite depth. Very 
little of the pavement deflection is due to com­
pression of the surface layers; it is due mostly to 
compression of the subgrade. For the same subgrade 
stiffness, loading an infinitely thick subgrade 
would result in much larger deflections than loading 
a shallow subgrade supported by a more rigid founda­
tion. This factor is illustrated in Figure 4, in 
which a number of deflection basins obtained by 
using the BISAR and ELSYM5 elastic-layered theory 
programs are plotted. The structures used as inputs 
to the program are indicated in the figure. 

This indicates that if samples of the subgrade 
from immediately below the subbase layer are tested 
for modulus, use of this modulus in layered-theory 
computations with an infinite subgrade depth will 
overpredict the surface deflections. McCullough has 
demonstrated this (~)i computed deflections by using 
moduli from material tests as inputs were greater 
than the field deflections. In reality, infinitely 
thick subgrades and homogeneous subgrades with a 
well-defined depth supported by a rigid foundation 
seldom exist in the field. 

Field conditions will most often be somewhere 
between these two extremes. A granular subgrade 
whose stiffness gradually increases with depth or a 
clayey subgrade that, due to desication, may be 
stiffer at the surface than lower down may be more 
likely to occur in practice. Furthermore, this con­
dition may change along the length of the road. 
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Figure 4. Deflection basins obtained from ELSYM5 and BISAR for two 
different loads and subgrade thicknesses. 
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Figure 5. Reduction in subgrade modulus predicted by using Dynaflect 
measurements at sensor 5 when subgrade is supported by rigid foundation at 
depth D3. 
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Cut-and-fill areas, for example, may have extremely 
different subgrades. Seismic testing or deep prob­
ing may provide some information to the designer in 
this regard. If no information is available, engi­
neering judgment should be used for an approximation 
of the change in subgrade stiffness with depth. 

Furthermore, from Figure 4 it is apparent that 
layered-theory programs, such as ELSYM5, that are 
based on the CHEVRON 5 program predict unrealistic 
deflections in the vicinity of the load. For pre­
dictions of Dynaflect deflections by using ELSYM5 or 
a similar layered-theory program, these discontinu­
ities are significant in the case of a subgrade 
supported by a rigid foundation because the first 
sensor is 10 in away from the loading point and thus 
is above an irregular deflection as predicted by 
these programs. Therefore, if the deflection mea­
surements are made near the loading point, BISAR 
should be used to compute fitted deflection basins. 

These factors need to be considered when subgrade 
moduli are predicted from deflection measurements, 
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and, to this end, Figure 5 has been prepared. This 
figure was produced from regression analysis of the 
results of layered-theory computations of the be­
havior of typical existing pavement structures. It 
shows the relationship between the thickness of the 
subgrade layer and the ratio of the subgrade modulus 
predicted from sensor-5 Dynaflect deflections for a 
semiinfinite subgrade depth and the subgrade modulus 
predicted from the same deflection measurement if a 
rigid foundation exists at some depth. 

The figure was obtained as follows: 

1. Numerous layered-theory computations of the 
deflections at sensor 5 under the Dynaflect load 
were made. 

2. A regression equation describing the subgrade 
modulus as a function of the sensor-5 deflection and 
the depth to the rigid foundation was obtained. 
This equation is as follows: 

ER= 10 exp(-1.3832 -0.0016 584 · 0 3 + 0.6394 · log0 3 

- 0 .7582 ·log W5 - 0.2034 · log 0 3 ·log W5) 

where 

subgrade modulus as predicted by 
theory from deflections when a soft 
is supported by a rigid foundation, 
sensor-5 Dynaflect deflection, and 
thickness of the soft subgrade layer 

(1) 

layered 
subgrade 

(in). 

3. Equation 1 was the ratio divided by the equa­
tions presented in Figure 2 for the same pavement 
structure and an infinitely thick subgrade and then 
reduced to the following by fixing W5 = 0.004 in: 

ERIE= 0.0011 x JO exp (-0.001 6603 + 1.33 · log03 ) (2) 

From Figure 5, it is apparent that this type of 
analysis may result in substantial reductions to the 
subgrade modulus, depending on the thickness of the 
soft subgrade layer. The accuracy of Equation 2 is 
reflected by the results presented in Figure 6. 
This graph was developed by making a number of ran­
dom calculations by using layered theory within the 
ranges of layered thicknesses and moduli shown in 
Figure 5. Although some substantial errors may 
occur in the moduli predicted by using these equa­
tions, they are not significant when compared with 
the uncertainty regarding the actual change of sub­
grade modulus with depth. Figure 5 can thus be used 
to provide an approximate estimate of the reduction 
to the subgrade modulus calculated from deflections 
only if a rigid foundation exists. Seismic testing 
and engineering judgment (provided by test borings 
for bridge foundations, etc.) should be used to 
estimate whether any reduction to the subgrade mod­
ulus calculated by using deflections is required for 
a particular area. 

Seasonal Effects 

Deflections measured along the road change due to 
seasonal changes of moisture and temperature. With 
continuously reinforced concrete (CRC) pavements, 
changes in the environment affect the deflection 
measurements in two ways. Cold temperatures caused 
the concrete surface layer to shrink, causing an 
increase of the transverse crack widths. Periods of 
increased rainfall result in slightly higher mois­
ture contents in the subgrade and a corresponding 
lower subgrade modulus. The effects of these fac­
tors on deflections have been illustrated by McCul­
lough and Treybig (7) • 

First, let us consider the effect of these en­
vironmental factors on the sensor-! Dynaflect de-
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Figure 6. Comparison of subgrade modulus used in layered-theory analysis 
and subgrade modulus estimated by using graphs from layered-theory 
deflections. 
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f lections or, in other words, on deflections near 
the center of the deflection basin. A wet winter 
will result in an increase in deflections compared 
with those from other seasons. This will be due to 
the wet, soft subgrade and the low effective modulus 
of the surface layer caused by shrinkage and the 
resulting relatively wide transverse cracks. A dry 
summer will result in a decrease in this deflection 
due to the dry stiff subgrade and the high effective 
surface modulus caused by e~pansion and the result­
ing narrowing of the transverse cracks in the CRC 
pavement. Wet summers or dry winters may not ap­
preciably change this deflection relative to other 
seasons, due to the counterbalancing effects of the 
environment on the different layer moduli. 

If, on the other hand, the sensor-5 Dynaflect 
deflection and the slope of the deflection basin are 
considered, environmental factors that affect the 
subgrade and surface may be distinguishable. Mois­
ture effects on the subgrade should affect the 
sensor-5 deflection, and temperature effects on the 
surface should affect the basin slopes. 

Therefore, if laboratory testing can be done to 
determine the moduli of the surf ace and subbase 
layers, deflection measurements should be made dur­
ing the wettest season of the year to obtain the 
most critical subgrade modulus from these measure­
ments. 

Discontinuities in Pavement Structure 

Cracks in the rigid pavement layer may have an 
effect on deflections if some loss of load transfer 
is caused by the cracks. With CRC pavements, the 
cracks are tightly closed, which results in very 
little loss of load transfer. As explained, a drop 
in temperature can cause these cracks to open; thus 
some loss of load transfer may result. This will 
cause an increase in the sensor-1 deflection with a 
corresponding change in basin slope and the moduli 
predicted from this deflection parameter. The ef­
fect of these cracks on stresses in the concrete 
layer has been discussed in more detail !ll· 
VARIATION IN PAVEMENT LAYER STIFFNESSES 

Stresses in the upper pavement layers resulting from 
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heavy axle loads will be affected by variation of 
the pavement layer stiffnesses. The layer stiff­
nesses are in turn affected by variations in layer 
thickness and modulus. These material stiffnesses 
may vary in both the horizontal and vertical 
planes. Different pavement layers will have dif­
ferent amounts of variation associated with them. 

Effect of Varying Layer Stiffnesses on 
Stresses in Pavement 

Before the variations associated with each layer's 
stiffness are discussed, it is useful to know what 
effect a change in a specific layer stiffness will 
have on the tensile stresses in the design layers of 
the pavement. (The design layers of a pavement are 
defined as those layers calculated to last the de­
sign life of the pavement, based on fatigue.) This 
is shown in a study made by using a typical thrne­
layered pavement structure by varying the layer 
moduli. From the study, it is apparent that de­
creasing subbase and subgrade moduli results in an 
increase of the tensile stresses in the surface 
layer under load. Increasing surface modulus also 
increases this er itical stress. The effect of 
changing layer thickness on the critical tensile 
stress in the pavement is difficult to quantify. 
For example, very thin pavement layers may have no 
tensile stresses in them under load. It is suffi­
cient to say that, within the range of thicknesses 
typical of CRC pavements, an increase in layer 
thickness will decrease the tensile stresses in the 
rigid pavement layer. 

Methods of Accounting for Variations in 
Layer Stiffnesses 

One of the best methods for obtaining an idea of the 
amount of variation in the layer stiffnesses along 
the length of a road i~ with deflection meusurementa 
taken at fixed intervals along the road. The mea­
surements are then plotted to provide a visual indi­
cation of the variation. This method has the ad­
vantages of economy and speed over material sampling 
and laboratory testing. If stage construction is 
used, the method can be applied equally well to the 
compacted subgrade of the pavement under construc­
tion and to the surface of an existing pavement in 
need of rehabilitation. 

The variation in layer stiffnesses can be divided 
into two groups: random variation and stratified 
variation. Random variation is present in all pave­
ment materials and structures. It is normal and due 
to the heterogeneous nature of the pavement layers. 
This variation is often reflected in the deflection 
measurements by some scatter among the results for a 
section of roadway. Stratified or assignable varia­
tion occurs due to a significant change in factors 
such as layer stiffnesses or thicknesses. For ex­
ample, the subgrade stiffness in a cut or fill area 
may be slightly different. If possible, the strati­
£ ied variations should be accounted for by separat­
ing design sections with assignable differences. 
This is not always practical; for example, if an 
area of a certain weak subgrade type is small, it 
may be included within a larger adjacent section and 
its variation added to the random variation of the 
larger section. The random variation may, for ex­
ample, be accounted for by designing for a deflec­
tion based on a certain statistical confidence limit 
(_l!,1). 

AREAL VARIATIONS 

A major consideration in selecting material proper­
ties for pavement analysis is the variation of prop-
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erties along the road. Thus, one must select the 
design sectors considering this variation, but the 
length must be responsible and practical. 

Selection of Design Sections 

A visual indication of the deflection and layer 
stiffness variation is provided when deflection mea­
surements are plotted to scale as a function of dis­
tance. The PLOT program, documented by Schni tter, 
Hudson, and McCullough (2) , provides a plot of de­
flections by means of a computer line printer. This 
plot facilitates dividing the roadway into sections 
based on stratified variation of deflection data. 
Previously, deflection sections have been selected 
based only on sensor-1 deflections. Now that layer 
stiffnesses may be predicted from deflection mea­
surements, as described previously, sections may be 
selected based on the sensor-5 deflections and the 
slopes of the deflection basins. The sensor-5 de­
flection is used to select sections with different 
subgrade stiffnesses and the basin slopes are used 
to select sections with different effective surface 
stiffnesses. Sections are selected subjectively 
based on a plotted profile of these deflection pa­
rameters. 

When design sections are selected, each section 
that represents a change in sensor-5 deflection 
should also represent a change in the sensor-I minus 
sensor-5 deflection parameter, but not vice versa. 
This is because the subgrade modulus does have a 
significant effect on the basin slope, but the sur­
face stiffness does not have a significant effect on 
the sensor-5 deflection. 

Furthermore, implementation of the overlay design 
procedure (RPOD2) has shown that changes in deflec­
tion variance are as important as the changes in the 
mean deflection in the selection of design sec­
tions. Areas with similar mean sensor-5 deflections 
but with significantly different variation thereof 
should be separated into different design sections. 

Because sections are selected by considering two 
deflection parameters and their variances, this pro­
cess may result in many small sections. In order to 
keep the number of short sections to a minimum, lim­
its of sections selected from different deflection 
parameters should be made to coincide wherever pos­
sible. 

After selection of different design sections, 
RPOD2 reconunends the use of the Student's t-test to 
determine whether the section means are signifi­
cantly different at specific confidence levels. 
However, one of the shortcomings of this test is 
that it assumes that the sections (or data) being 
tested have similar variances. 

As indicated earlier, different sections may have 
different variances, and, if so, these differences 
are important factors in the selection of sections. 
Th is shortcoming could be overcome by using a sta­
tistical test designed for testing differences be­
tween sample variances. Before embarking on such a 
course, the consequences of incorrectly selecting or 
not selecting a section should be examined. 

Section Size 

As reconunended above, contiguous design sections are 
selected based on the mean and variance of the Dyna­
f lect sensor-5 deflections and the slope of the de­
flection basins. The shortest section selected 
should be long enough so that it is practical and 
important to construct a distinct set of pavement 
thicknesses and materials over the length of the 
section. Implementation of the RPOD2 design pro­
cedure has indicated that this length is approxi­
mately 1000 ft. The section should also be long 
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enough to contain sufficient deflection measurements 
for the designer to make fairly accurate inferences 
about the section's overall behavior from this sam­
ple of deflections. If the deflection measurements 
are normally distributed, a statistical formula can 
be used to determine the sample size. If, for ex­
ample, the sample mean should only have a probabil­
ity a of differing from the population mean by 
more than d percent, then the formula is as follows 
<.!Q..>: 

(3) 

where 

N c sample size, 
t abscissa of normal curve that cuts off area 

a at tails, 
s c standard deviation of the population, and 
D = dy where y is sample mean. 

Implementation of the RPOD2 design procedure has 
shown that a typical value for s of the sensor-5 
deflection is 0.10 mil. The sensor-5 deflection 
depends on the subgrade modulus and typically varies 
from 0.2 mil to 0.5 mil. A value of 0.3 mil can be 
used as representative of a fairly good subgrade. 
Therefore, if a = 5 percent and d = 10 percent, 
then 

N = (J.96 x 0.1)2/(0.1x0.3)2 = 24 (4) 

This indicates that if a section length of 1000 
ft is the shortest practical construction unit 
length, then, for these constraints on inference 
accuracy, deflection measurements are required at 
50-ft intervals within that section. This inference 
accuracy becomes important when confidence limits of 
deflections for the different design sections are 
predicted. 

SUMMARY 

The procedure for characterizing the material prop­
erties of a pavement may be sununarized as follows: 

1. For a new pavement, material tests should be 
used to obtain an indication of the mean and vari­
ance of the layer moduli. If stage construction is 
used, take deflection measurements every 50 ft along 
the length of the prepared roadbed. Similar mea­
surements should be taken in the event that an ex­
isting pavement needs rehabilitation. The measure­
ments should be taken approximately 3 ft in from the 
outside shoulder. 

2. Run the PLOT4 program by using the deflec­
tion data as input. This program will plot the 
profile of the W5 and Wl minus W5 deflections along 
the length of the road, as illustrated by Schnitter, 
Hudson, and McCullough (9). 

3. Select contiguou~ sections from this plot by 
using the means and variances of both the plotted 
deflection parameters as selection criteria with a 
minimum length of approximately 1000 ft. To prevent 
having a number of short sections during the selec­
tion process, the limits of sections selected based 
on W5 deflection and on the basin slope measurements 
should be made to coincide where possible. 

4. A design value should be selected based on 
the statistical variability and desired level of 
confidence. 

5. The output from steps 3 and 4 may be used as 
a guideline for selecting sections that have similar 
sensor-5 deflections for obtaining core samples. 

6. Obtain cores from the bound pavement layers 
and push-bar rel samples of the subgrade layer. In 
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the event of a granular subgrade, in situ densities 
and moisture contents should be obtained and the 
specimens recompacted in the laboratory to simulate 
field conditions. 

7. Conduct indirect tensile tests on the bound 
layers and resilient modulus tests on the unbound 
layers. The moduli obtained from these tests should 
be used as first estimates of the layer material 
properties. The slope of the MR principal stress 
difference line should provide a reasonable estimate 
of the subgrade stress sensitivity. 

8. Deflection basin-fitting techniques are then 
used to obtain the surface and subbase layer 
mO<lull. Tit!! <lel:llyn W5 ~etlection or a section is 
used in Figure 2 to obtain the modal subgrade mod­
ulus for the section. This modulus should be used 
in conjunction with the modulus estimates for the 
bound layers obtained from indirect tensile tests as 
initial input to a layered-theory program. The de­
flection basin slope of this structure under the 
Dynaflect load as predicted by layered theory is 
then compared with the measured basin slope of the 
section. The input moduli for the bound pavement 
layers may require adjustment, and this process is 
repeated until the basin slope predicted by layered 
theory corresponds to the basin slope. Should a 
computer not be readily available, Figure 3 can be 
used to provide estimates of these moduli. 

9. This process will provide a set of effective 
layer moduli that occur most frequently in the sec­
tion under the Dynaflect load. In order to obtain a 
reasonably conservative design, a subgrade modulus 
representative of the weaker spots within a section 
should be used. The cumulative distribution curve 
of the sensor-5 Dynaflect deflection for the section 
may be used for this purpose. Depending on the 
design reliability required, the W5 deflection cor­
responding to a required percentile can be selected 
from the distribution curve to represent the weaker 
subgrade. This design deflection is now used in 
Figure 2 to obtain the design subgrade modulus under 
the Dynaflect load. 

10. Should the designer have some idea of the 
nature of the change of subgrade modulus with depth, 
the design subgrade modulus should be reduced as 
indicated in Figure 5. 

11. The final step in the materials characteri­
zation process is to take the stress sensitivity of 
subgrade into account. One method is to use the 
slope of the log resilient modulus log deviator 
stress line obtained from the resilient-modulus test 
as an indicator of the stress sensitivity. The 
method has been described in detail . 

12. The materials characterization for the pave­
ment structure used in layered-theory analysis is 
now complete. 

This materials characterization is one of the 
most important steps of a pavement design proce­
dure. The tensile stress in the bound pavement lay­
ers, and consequently the fatigue life of the pave­
ment, will depend on the moduli of the layers used 
as inputs in layered-theory analysis. 

CONCLUSIONS 

The procedures described in this report provide 
guidelines for a designer to use Dynaflect deflec­
tions as input for developing elastic properties, 
i.e., layer moduli, for use with elastic-layer 
analysis procedures. The guidelines permit con­
sideration of statistical variation along a roadway, 
variations in depth of subgrade, stress sensitivity 
of materials, etc. Without accounting for these 
conditions, a designer may arrive at properties that 
are erroneous, thus destroying the credibility of 
the design analyses. 
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Al though the charts provided herein are applica­
ble to Dynaflect loading, the concepts may be ap­
plied to any deflection-measuring equipment. Fur­
thermore, stress sensitivity procedures must be 
accounted for with any type of measuring equipment 
since the load may not be the same as those using 
the roadway. 
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Material Layer Coefficients of Unbound Granular Materials 

from Resilient Modulus 
GONZALO RADA AND MATTHEW W. WITCZAK 

The overall objective of this study was to determine and evaluate AASHO·based 
material design parameters for unbound granular base/subbase materials from 
laboratory nonlinear resilient-modulus tests. A total of 101 nonlinear M,-rela­
tionships were developed on six typical Maryland State Highway materials. 
Various levels of saturation and compactive effort were evaluated with each 
material. By using the M,-0 (bulk-stress) relationships developed, a nonlinear 
elastic-layered analysis was undertaken on 40 different pavement cross sections 
to establish typical bulk-stress and resilient-modulus values. The correlations 
between modulus and layer coefficients (a;) and composite modulus of subgrade 
reaction (kcl given in National Cooperative Highway Research Program (NCHRP) 
Report 128 were used to evaluate the influence of subgrade support, material 
type, thickness of asphalt surfacing, compactive effort in the granular layer, and 
degree of saturation on the a;- and kc-values. Substitution ratios were also de­
veloped for flexible pavement design concepts by using a dense-graded aggre-
gate base-course material as the reference. For each material investigated, pre­
dictive equations for the layer coefficient values (a;) were determined as func­
tions of the subgrade California bearing ratio, compaction, saturation, and thick­
ness of asphalt. All these variables were found to be significant from a design 
viewpoint. Average reductions in the a;-value of 0.065, 0 .044, 0.041, and 0.029 
were found for the range in subgrade support, saturation level, compactive ef­
fort, and asphalt thickness, respectively. In the study of the composite modulus 
of subgrade reaction kc used in rigid pavement analysis, it was found that the 
greatest influence was exerted by the subgrade support and thickness of the 
granular subbase layer. The maximum influence of material type, compactive 
effort, and/or degree of saturation on the kc·value was less than ±10 percent 
for all cases considered. Reliable predictive equations for kc were developed in 
terms of the primary variables evaluated. 

It is current Maryland State Highway Administration 
(MSHA) des i gn practice to use modified forms of the 
Interim Guide of the American Associ a tion of State 
Highway Officials (AASHO) for design of rigid and 
flexible pavements within the state highway system 
(1). For flexible pavement design, the current MSHA 
p~actice is based on the AASHO analysis, combining 
the use o f selected substitution ratios for various 
subbase a nd base materials (~.l. 

One significant shortcoming of the rigid and 
flexible pavement design procedure pertains to the 
general characterization of the subbase and base 
materials from the performance of the AASHO Road 
Te st. Fo r r iqid pavement design practice, Wester­
gaard' s modulus of subgrade reaction (kl is used in 
the MSHA analy sis as a typical property of founda­
tion substrata. The AASHO Interim Guide has one 
major advantage to this procedure in that it pro­
vides for the estimate of the composite modulus of 
subgrade reaction (kc) based on subbase (base) 
thickness and the resili e nt modulus in stiffness o f 
the subbase type used . This characterization i s 
shown in Fig ure 1. As a method of using - this plot, 
general ranges of stiffnesses are recommended for 
several subbase types. For granular materials, the 
recommended range, from the AASHO Inte rim Guide, is 
from 8000 t o 28 000 psi. 

For current fl e xible p avement design practice, 
the use of substitution ratios (SR) or layer equiva­
lents is advocated by the MSHA design procedure 
(2). Values for the various MSHA granular material 
c~tegories are SR = 1.0 for dense-graded aggregate 
(DGA), SR= 1.0 for sand aggregates, and SR= 0.75 
for bank-run gravel. 

Even though SRs have been (and are) used in 
flexible pavement design procedures, it should be 
emphasized that the basis for determining the magni­
tude of the ratio can also be explained and derived 
in terms of ai-values (structural laye r coeffi­
cients) directly used in the AASHO f lex i bl e design 

equation for the structural number (SN): 

where ai are layer coefficients representative of 
each layer and Di are layer thicknesses. 

A general interpretation of the SRs used in the 
MSHA procedure (~) is as follows: 

SR= (a2 /a;) DGA (2) 

where a 2 is the layer coefficient for the MSHA DGA 
base course and ai is the layer coefficient for 
any other material in the ith layer. 

In Report 128 of the National Cooperative Highway 
Research Program (NCHRP), additional guidance con­
cerning the selection of the specific acvalue for 
a wider selection of material types and properties 
is presented (].J. It is of special importance to 
note that among the correlative material properties 
suggested to determine the ai-value of granular 
layers, the stiffness or resilient modulus of the 
material is recommended. The specific nomographs 
suggested for granular base and subbase materials 
are shown in Figure 2. 

STUDY OBJECTIVES 

Based on the general background information provided 
in the introduction, it is important to note that 
the resilient modulus or stiffness characterization 
of materials can be directly used in both rigid and 
flexible pavement design procedures used by MSHA as 
well as for pavement rehabilitation studies. How­
ever, one major limitation of the use of the modulus 
is that at present only suggested ranges of stiff­
nesses for a limited number of subbase and base 
types have been made . Thus, the design process for 
MSHA conditions must still allow for considerable 
engineering judgment for estimation of a design 
modulus of subgrade reaction (kcl or SRs deter­
mined from an analysis of the structural layer 
coefficients (ail. In view of this, an extensive 
laboratory study was initiated at the University of 
Maryland for MSHA to characterize the specific major 
types of base and subbase materials that are cur­
rently used in the state and to provide much-needed 
and important design input for both rigid and flexi­
ble pavement design systems. 

From the relatively large data base that was 
generated from the study, the following specific 
objectives were studied in the project: 

1. To determine from laboratory resilient-modulus 
results, typical resilient-modulus relation­
of granular base and subbase materials used by 

test 
ships 
MSHA, 

2. To determine typical structural layer coeffi­
cient (ail and SR-values for flexible pavement 
design based on an analysis of these modulus rela­
tionships by using Figure 2, and 

3. To determine typical composite modulus of 
subgrade reaction values for rig id pavement design 
based on an analysis of the typical modulus rela­
tionships and Figure 1. 
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Figure 1. Modified AASHO chart for estimating kc-values. 1400 
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Figure 2. AASHO layer coefficient and modulus correlations for granular 
material. 
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SOURCE OF DATA 

For the laboratory modulus study, 101 test results 
obtained at the University of Maryland were used as 
t he d ata base. Ho wever, it should be noted that 170 
other modulus results found in the literature were 
used as an aid in determining the effect of differ­
ent factors (discussed in the next section) on 
Mr• The agencies, number of tests, material types 
studied, and references from which these results 
were obtained have been presented in a previous 
publication (i) • 

The University of Maryland study involved testing 
six different aggregate types (two limestones that 
met MSHA DGA specifications, a crushed stone and 
slag that met MSHA CR-6 specifications, a bank-run 
gravel that met MSHA GP specifications, and a sand­
aggregate subbas e blend). For each aggregate type 
investigated, three hand-blended gradations were 
used, On each aggregate-gradation combination, 
three compaction energies (low, standard, and modi­
fied) were used to develop moisture-density rela­
tionships. 

The resilient-modulus phase of the test program 
involved testing 18 specimens per aggregate type. 
In general, for each aggregate-gradation combina­
tion, three Mr-tests were conducted at modified 
compaction effort (MCE) (optimum and ±2 percent 

1nonQ 100~110 1000000 

BASE mnllLUS, llRe (psi) 

optimum moisture), two tests at standard compaction 
effort (SCE) (optimum and +2 percent optimum), and 
one at optimum for a low compaction effort (LCE) 
(2200 ft•lb/ ft'). The above test program should 
have yielded 108 data points, but seven specimens 
were unable to be tested. 

RESULTS 

Typ i cal Mr -Value s f o r MSHA Granular Materials 

Th e initial objective of the overall study was to 
develop typical Mr-values for the MSHA unbound 
granular base and subbase materials. In order to do 
this, an investigation of the factors affecting Mr 
was undertaken. The details and results of this 
specific portion of the study have been the subject 
of a previous technical paper (4) and only a brief 
summary is presented here. The results of this 
effort indicated that the factors that most signifi­
cantly affect Mr are the stress state, degree of 
saturation, and compactive effort. The amount of 
fines (percent passing the No. 200 sieve) and grada­
tion were also found to affect Mr: however, their 
i nfluence was 'Jery small whe n compar e d with th e 
effect of the factors previously stated. 

With the se factors in mind, typical Mr f(e) 
relationships for the six aggregate types studied 
were developed and are summarized in Table 1. As 
can be seen in this table, instead of a single 
M -relationship for each aggregate type, several 
r~lationships that reflect ed the relative influence 
of the significant variables--stress state, satura­
tion, and compaction (de nsity )--on the k1- and 
ki-constants in the equation Mr k1ek2 
we r e developed. 

A more comprehensive discussion of factors influ­
e ncing Mr and typical Mr-values for the MSHA 
unbo und granular materials shown in Table l is 
presented in pape rs by Rada and Witczak (il and by 
Rada (.~). 

Layer Coefficients a nd SRs 

The second objective of this study was to develop 
typical values f o r the structural layer coefficient 
(ail and the SR for the MSHA unbound granular 
mate rials under investigation based on the Mr (or 
k1-k2-relationships) results of the previous 
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Table 1. Typical M,·relationsh ips for 
Dry (S, < 60 percent) Wet (S, > 85 percent) MSHA unbound granular aggregates. 

SCE MCE SCE MCE 

Aggregate K1 Kz K1 Kz K1 Kz K1 Kz 

DGA·limestone· l • 8 500 0.5 IO 500 o.s 7000 0.4 9000 0.4 
DGA·limestone·2" l l 500 0.3 IS 000 0.3 6000 0.5 7500 0.5 
CR-6-crushed stone' 6 000 o.s 9 000 o.s 3500 0.7 5000 0.7 
CR·6·slag• 12 500 0.35 20 000 0.35 5600 0.35 9000 0.35 
Sand-aggregate blendb 3800 0.5 6 000 o.s l900 0.7 3000 0.7 
ll•nk-run gravelb s 000 0.4 8 000 0.4 1250 0.7 2000 0.7 

~K1· to K~·v.i lues typkal for nne JH:UCl:,ntage (No. 200) le.n than lS· J8 per~cnt. 
K1·Valuc !lhould be decreUf!d rrnd K;i ·value increased if Ones percentogc is greater than 10 percent. 

section. In this study, layer coefficients (ai) 
were calculated by using the NCHRP Report 128 
(ai-Mrl c orrelations presen t ed in Figure 2 (j). 
SRs were a lso computed by usi ng Equation 2. It is 
important for the reader to understand that new 
correlations were not developed in this study, but 
rather, the existing correlation found in NCHRP 
Report 128 was used to develop the typical ai - and 
SR-values. 

Base and Subbase Bulk-Stress Values 

Before any investigation of the ai- and SR-values 
could be undertaken, typical modulus Mr-values had 
to be calculated for the different material-property 
combinations investigated. Obviously, these modulus 
values s hould approximate those encountered in 
actual pavement systems and conditions. 

Recalling the typical k1-k2 relationships 
previously developed for the six MSHA unbound gran­
ular materials (Table l) , which account for the 
physical properties influencing the resilient re­
sponse of these mate r i als (degree of saturation and 
compaction) , the o n l y rema i n ing variable necessary 
to predict typical Mr-values for the unbound 
granular materials is the typical states of stress 
(0) in the granular materials under different 
pavement conditions. 

The d iffe r e nt conditions used to estimate the 
a-values for the different base course and subbase 
course mater i als were developed from a matrix of 
typical pavement structures designed in accordance 
with the MSHA flexible pavement design procedure. 

The various pavement structure components were 
u sed in a multilayer elastic analysis to determine 
bulk-stress values. Elastic-layered input used in 
the study was as follows: 

h1 (AC thickness): 3, 4.5, 6, and 8 in; 
h 2 (granular base): 6 in; 
h3 (subbase): varied by h1- and E4-value; 

five values per h11 0-27 in; 
E1 (AC modulus): l.5xl0 5 psi and lxlO' psi; 
E4 (subgrade modulus): California bearing 

ratio (CBR) 3, 5, 10, 20, and 30 (E4 = 1500 CBR); 

E2 c MR = 9lOOe 0 ·•• psi; and 
b 

E3 MR = 3870e 0 ·•• psi. 
sb 

This input represented pavement structures capable 
of handling critical lane traff i c levels va r ying 
from 50 to 2600 equivalent 18-kip single-axle loads 
(ESALs) per day. In order to minimize the number of 
elastic-layered computer program solutions neces­
sary, typical k1-k2-relationships for a base 
material and subbase material were used to estimate 
the bulk stress. Altogether, 40 different pavement 
structures were analyzed in this phase of the study. 

Finally, for all pavement conditions evaluated, 
the bulk-stress values were computed by using the 

nonlinear resilient modulus (NLRM) computer program 
(.~) developed at the University of Maryland. Be­
caus e the program yields as output the modulus 
(Mr) value from nonlinear characterizat i ons and 
not e, the bu l k- s tress values were backcalculated 
for each solution by using the following equation: 

where Mr, k1, and k2 are known values for both 
the base and subbase layers. 

The resulting bulk-stress values ranged between 4 
and 60 psi for the base layer and from 4 to 25 psi 
for the subbase materials. These values have been 
presented in detail by Rada (2_) • 

Layer Coefficient Values (ail 

By using the k1-k 2 relationships shown in Table 
1 and the bulk-stress values previously developed, 
resilient moduli were calculated for the six MSHA 
unbound granular materials prior to computing the 
ai-values . Since for each of the six MSHA base 
and subbase materials investigated, four k1 -k2-
relationships were developed (combinations of satu­
ration and compactive effort) as well as 40 differ­
ent pavement systems (combinations of E i or 
Mr., hi' and CBRs ), a total of 960 (640 for base, 

l g 
320 for subbase) Mr-values were computed. These 
values have been summarized by Rada (2_, Chap. 4) • 

In Figure 2, the NCHRP nomographs relating the 
ai -value for g ranular base and subbase material to 
the resilient modulus were presented . Mathemati­
cally, these relationships can be defined as follows: 

Base layer: 

a2b = 0.249 logM, - 0.977 (4) 

Subbase layer: 

a2sb = 0.227 logM, - 0.839 (5) 

By using these relationships and the Mr-values 
computed by the previous bulk-stress (k1-k2) 
study, a2i-values were determined for all 960 
combinations investigated. 

Table 2 represents a condensed summary of the 
a2 i-values as a function of material types, as­
phalt-layer thickness, subgrade support , saturation 
level, and compactive effort. In this table, it can 
be observed that the values shown are based on an 
average temperature value (average or typical AC 
modulus). For the range of AC modulus studied, the 
influence of this factor, especially for levels of 
asphalt thickness used in practice, was not very 
sensitive to a2i-changes. In addition, average 
layer coefficient values for the two DGA aggregates 
are shown along with average values for the two 
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Table 2. Typical layer coefficient values. 

Dry (S, < 60 Wet (S, > 85 
Asphalt percent) percent) 
Thickness Subgrade 

Material (in) CBR SCE MCE SCE 

Base 
DGA <5 3 0.124 0.150 0.092 

5 0.130 0.157 0.098 
10 0.144 0,170 O. l l 3 
25 0.171 0.197 0.145 

;;.5 3 0.100 0.126 0.065 
5 0.104 0.130 0.069 

10 0.110 0.137 0.076 
25 0.139 0.165 0.108 

Crusher <5 3 0.096 0.140 0.091 
run 5 0.103 0.147 0,100 

JO 0.120 0.164 0.124 
25 0. I 55 0.199 0.174 

;;.5 3 0.066 0.110 0.048 
5 0.071 0.115 0.055 

JO 0.079 0.123 0.067 
25 0.115 0.159 0.116 

Slag <5 3 0. I 37 0.187 0.050 
5 0.141 0.192 0.054 

10 0.154 0 204 0.067 
25 0.178 0.229 0.091 

;;.5 3 0.115 0.166 0.028 
5 0.119 0.170 0.032 

10 0.124 0. I 75 0.037 
25 0.149 0.200 0.062 

Subbase 
Sand/gravel <5 3 0.060 0.100 0.024 

5 O.D?l 0.1I7 0.035 
JO 0.100 0.145 0.054 
25 

;;. 5 3 0.060 0.100 0.024 
5 0.068 0. I I 3 0.029 

10 0.082 0.128 0.033 
25 o. 103 0.148 0.064 

Table 3. layer coefficient equations. 

layer 

Base 

Sub base 

Material 

DGA 
Crusher run 
Slag 

Sand/gravel 
Thin AC 
Thick AC 

Equation 

a; = (0. I 40 + 0,0029CBR5 g) + f0 + f, + f1 

a;= (0.130 + 0.0035CBR,g) + f0 + f, + f1 
a;= (0.180 + o.0024CBR,g) + r0 + r, + r, 

a; = (0.080 + 0.0064CBR,g) + fc + f, 
a;= (0.100 + 0.0021CBR,g) + fc + f, 

Notes: Above equations based on folJowjng conditions: dry (Sr <60 percent), modi ­
fied compactive effort, and thin asphalt surface (h I < 5 in). Equations valid 
for CilR,;g < l S - 20. 

MCE 

0.117 
0.125 
0.139 
0. I 7 I 
0.090 
0.095 
0.102 
0.134 

0.129 
0.138 
0.163 
0.212 
0.087 
0.093 
0.105 
0. I 55 

0.101 
0.105 
0.118 
0.142 
0.080 
0.083 
0.089 
0.114 

0.042 
0.060 
0.102 

0.042 
0.054 
0.078 
0 I JO 

subbas e materials investigated (bank-run gravel and 
sand-aggregate blends). 

From Table 2, it can be observed t hat the a2 i -
values incre ase with an increase in subgrade support 
and decrease as compactive effort is reduced from 
modified to standard; the materials become more 
saturated and the thickness of the asphalt layer is 
increased. For one well-versed in pauement stress­
d is tr ibution effects and nonlinear modulus charac­
terization, these results are all very logical. 

Relative to the influence of subgrade support, as 
stronger foundation soils are encountered, the 
stress state (0) in the granular layer is in­
creased. This increase in the bulk stress with 
increasing support will tend to increase the granu­
lar modulus and hence structural layer coefficients, 
Previous studies have s hown that a reduced level of 
compactive effort tends to decrease the k1 -term i n 
the expression Mr f (0). As such, this change 
in reduced compactive effort results in a lower 
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Table 4. Correction factors. 

f 0 • (compac- f b 
s r, c 

layer Material tive effort) (saturation) (AC thickness) 

Base DGA -0.026 -0.033 -0.035 
Crusher run -0.040 -0.010 -0.045 
Slag -0.051 -0.087 -0.025 

Sub base Sand/gravel -0.045 -0.046 NA 

Note: f-values vary ±Q,005 with subgrade CBflsg; average values shown. 

b Used when going from MCE co SCI~ 
Used when going from dry (SR< 60 percent) to wet (SR> 85 p~rcent). 

c Used when going from thin AC torr.ice ( <5 in) to thick AC surface (2:5 in) . 

modulus and hence decreased a2i-value. It is also 
known that the influe nce of moisture in granular 
materials is a significant factor (especially for 
Sr-values greater than BS percent) • When high 
levels of degree of saturation occur, a reduction in 
the k1 -value and increase in k2 occur, which 
have the net effect of a reduced modulus and a2i­
value. Finally, the thickness of asphalt is an 
important factor because it directly interfaces with 
the stress distribution within the granular layers. 
From basic slab rigidity concepts, stress attenua­
tion is directly proportioned to the third power o f 
layer thickness. As a result, when the thickness of 
the asphalt layer is increased, stress levels (i.e., 
0) in the underlying layers are reduced. This 
results in a reduction in the Mr (a2i)-value as 
the thickness is increased. In Table 2, it can b e 
observed that two levels of asphalt thickness h a ve 
been selected. An analysis of the results indicated 
that for asphalt thicknesses of 5 in or more, there 
are only minor changes in the ai-coefficient. 

Although each of the four materials shown in 
Table 2 has its own unique relative ranking of 
factors regarding their sensitivity toward changing 
the a2i-magnitude, the asphalt thickness had t he 
least effect, whereas the subgrade support (over a 
range in CBR from 2 to 20) exhibited the greatest. 
The other two factors (compactive effort and degree 
of saturation) were intermediate and generally of 
the same order of magnitude. The average change in 
the a2i-coefficient values over the range of 
parameters investigated in the study was found to 
be aa2i 0.029 (asphalt thickness); 6a2i 
0.041 (compactive effort); aa 2 i 0.044 (satura-
tion); and aa 2 i = 0.065 (subgrade support). 

In analyzing the a2 i -values, it was found that 
for a given material, all the aa2 i-values for a 
give n parameter we re indepe ndent {noninter acting ) o f 
the other factors. This was true for all cases 
except the thickness effect of the subbase (sand/ 
gravel) material. This important conclus i o n allowed 
for the development of very simple and practical 
predictive equations (by material type). Table 3 
summarizes these equat i ons. In general, they are 
considered very accurate and applicable for subgrade 
CBR values less then 15-20. 

The equations shown are all based on granular 
material at a modif ied compaction effort; dry (Sr 
<60 percent), a nd a thin asphal t (<5-in) pave­
ment layer. For conditions other than these, s imple 
correction factors (fc, fs, ft) must be ap-
plied to the ai-values. These factors are shown 
in Table 4. As a simple example, consider the 
a2b-value for a slag base course used with a 3-in 
asphalt layer on a CBR = 10 subgrade. If the slag 
is assumed to exist in an in situ condition of 90 
percent saturation at 100 percent standard compac­
tion, the ai-value would be, from Table 2, 

a1b = (0.180 + 0.0024CBR,.g) + fc + f, + f1 (6) 
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Figure 3. Influence of parameters investigated on layer coefficients (base 
course, DGA). 
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Figure 4. Influence of parameters investigated on layer coefficients (base 
course, crusher run). 
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Figure 5. Influence of param~ters investigated on layer coefficients (base 
course, slag). 
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Figure 6, Influence of parameters investigated on layer coefficients (subbase 
course, sand gravel). 
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where 

fc = -0.051, 
fs = -0.087, and 
ft = O (no thickness correction necessary since 

thin category is present) i 

or 

a2 b = 0.180 + 0.024 - 0.051 - 0.087 

= 0.066 

(a2 is 0.067 from Table 2.) 

28 

(7) 

Although the a2b-value of 0.066 may at first 
appear to be low, the influence of saturation on 
this material (as reflected by fs -0.087) was 
quite large in the l aborator y Mr test program. 
This can be observed by viewing the reduc tion in the 
k1-values i n Table 1 for the CR-6-slag material 
betwee n the dry and t he wet condi t ions. 

In order to hel p visual i ze t he accuracy of the 
predictive equations noted in Table 3, Figures 3 
through 6 show. t he predicted r elationships compared 
with the i ndividual da ta poi nts noted i n Table 2 . 

SR-Values 

The development of typical SRs for unbound granular 
base and subbase materials was simply a continuation 
of the ai-calculations and p red ictive equations 
developed. SR-values were developed by using Equa­
tion 1 and the predictive ai-equations summarized 
in Table 3. The basic ai-value selected for the 
computations was the DGA base material, compacted at 
modi fied compaction, dry (Sr < 60 percent ) , and 
with a thin asphalt layer (<5 in). 

Because the a i-values are functions of the 
subgrade CBR, the SR-va lues calculated were all 
evaluated at the same CBR value for the DGA and ith 
material-property combination. Figures 7 and 8 
summarize the results of this analysis for the base 
and subbase materials, respectively. In these 
figures, only the extreme combinations are plotted 
(dry, modified to wet, standard). The range between 
these two combinations reflects the general varia­
tion in the SR-value due to variable compaction­
moisture condit i ons that would probably be expected 
to occur in the field. 

As can be noted, each combination (of compaction 
and saturation) is a function of the subgrade CBR. 
From a practical viewpoint, the SR-value decreases 
with an increase in subgrade support. However, with 
the exception of several wet-standard plots, the 
practical effect of subgrade is not significant, 
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especially as the compactive effort is increased and 
low saturation levels are encountered. 

Table 5 is a general summary of typical SR-values 
(at a subgrade CBR ~ 10) for the factors evaluated 
in the study. Obviously, with the exception of 
subgrade support (normalized in the SR-computa­
tions), the same parameters and their relative 
ranking influencing the ai-value affect the SR­
values. The table clearly indicates the influence 
of compactive effort, moi sture, and th i ckness of 
asphalt on the resultant values. 

Figure 7. Influence of patamemrs investiga111d on bau material SR·value1. 
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Figure 8. Influence of parameters investigated on subbase material SR-values. 
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Compos i t e Modulus of Su b9 r a de Reac tion 

The other major objective of this study was to 
develop composite modulus of subgrade reaction 
values kc for the six MSHA materials investigated, 
based on the resilient-modulus (k1-k2) relation­
ships previously developed. As stated in this 
report, these kc-values were to be based on the 
relationships presented in NCHRP Report 128 (_]_). 

Bulk-Stress Values of Subbase Materials 

Like the layer coefficient and SR study for flexible 
pavements, the only unknown parameter needed to 
predict the resilient moduli for granular subbase 
layers beneath the rigid pavement is the bulk-stress 
value. In this analysis, a value of 4.2 x 10 6 psi 
for the modulus of the concrete layer and a linear 
relationship between log E1 (modulus of surface 
layer) and a (bulk-stress value) were assumed. 
Bulk-stress values were then found for the subbase 
materials under rigid pavement (8-10 in thick) by 
extrapolating the NLRM computer program results. 

Based on this study, an average bulk-stress value 
of a = 4 psi was selected as the value that de­
fined the typical state of stress in the subbase 
layer for all subbase conditions. 

Composite Modulus (kc) Results 

Once the 
selected, 
types in 
following 

typical bulk-stress value 
the Mr-values for the 

this study were computed 
equation: 

of 4 psi was 
six aggregate 
by using the 

(8) 

where k1 and k2 are the values {for combinations 
of saturation and compaction) found in the first 
part of the study. The Mr-values calculated for 
the different combinations of saturation and compac­
tion are presented in Table 6. 

By using these Mr-values for each of the aggre­
gates and in situ conditions previously described, 
the existing NCHRP nomograph for the composite 
modulus of subgrade reaction value was used to 
determine kc-values at three levels of subbase 
thickness (hsb = 4, 8, and 12 in) and three levels 
of native subgrade support as follows: 

Support 
Poor 
Fair 
Good 

k (pci) 

125 
315 
625 

CBR (%) 
2 
5 

10 

Mr (psi) 
3 000 
7 500 

15 000 

This study resulted in kc-values for all possi-

Table 5. Summary of typical material SRs. 

Dry (S, < 60 Wet (S, > 85 
Asphalt percent) percent) 
Thickness 

Material (in) SCE MCE SCE MCE 

Base 
DGA Thin (<5) 1.20 1.00 1.55 1.25 

Thick (::>5) 1.60 1.25 2.25 l.65 
Crusher run Thin (<5) 1.35 1.00 l.50 1.10 

Thick (::>5) 2.10 1.40 2.40 1.55 
Slag Thin (<5) 1.10 0.85 2.55 1.45 

Thick (2: 5) 1.30 0.95 4.10 1.85 
Sub base 

Sand/gravel Thin (<5) 1.70 1.15 3.20 1.70 
Thick (::>5) 2.20 1.40 5.60 2.25 

Notes: Villut:.s shown reOect SR at CBR,-g =JO percent. Some material· 
ph)"~ical condition combinallQTU mo vory significantly with CBR 
value. 
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Table 6. Typical M,-values for subbase layer of rigid pavements. 

Dry (S, < 60· Wet (S, > 85 
percent) percent) 

Material SCE MCE SCE MCE 

DGA-!imestone 17 000 21 000 12 188 15 670 
DGA-limestone-2 17 430 22 736 12 000 15 000 
CR-6-crushed stone 12 000 18 000 9 237 13 195 
CR-6-slag 20 306 32 490 9 097 14 621 
Sand-aggregate blend 7 600 12 000 5 014 7 917 
Bank-run gravel 8 705 13 930 3 300 5 778 

ble combinations of material type (six), degree of 
saturation (two), percentage of compaction (two), 
subbase thickness (three), and subgrade support 
(three). These values have been sununarized in both 
tabular and graphical form elsewhere (~) • 

Discussion of Results 

By referring to Figure 1 and Table 6, it can be 
observed that the sensitivity of the subbase modulus 
for unbound granular materials is very sl i ght on the 
final composite kc-value (on the type of subbase 
layer) . This fact was obviously reflected by the 
results obtained in this study. From a practical 
design viewpoint, a simple but reliable predictive 
equation of the kc-value for unbound granular 
subbase materials was found to be as follows: 

k,, (pci) = f0 (ksg + 7 .Sh,b - 20) for hsb ;. 4.0 in 

where 

ksg ~modulus of subgrade reaction (pci), 
kc composite granular subbase-subgrade re­

action value (pci), 
hsb thickness of granular subbase (in), and 

f 0 adjustment factor reflecting material type 
and in situ conditions. 

(9) 

In this equation, the typical f 0 -values are 
shown below: 

S ubbase Material 
Crushed stone 
Sand/gravel 
Slag 

fa-Value 
Dry-Modified 
LOO 
0.95 
LOB 

Wet-Standard 
0.95 
0.90 
0.92 

In essence, the greatest influence on kc is re­
flected by the foundation support value and thick­
ness of the subbase layer. The maximum influence of 
material type, compactive effort, and/or degree of 
saturation on the kc-value appears to be less than 
10 percent for all cases considered. 

SUMMARY AND CONCLUSIONS 

The study presented in this report was based on 
resilient-modulus test results of granular materials 
obtained from an extensive laboratory study. Based 
on this analysis, the following conclusions were 
obtained. 

1. An analysis of the University of Maryland 

Mr-test results indicated t ha t the primary vari­
ables influencing the M, - response of granular 
materials are the stress state, degree of satura­
tion, and degree of compaction . The amount of fines 
(percent passing the No. 200 sieve) or gradation was 
also found to ha ve an effect on Mri however, it 
was relatively small and not considered as a primary 
variable in the study. 

2. Several relationships (instead of a single 
Mr-relationship for each agg reg a te) that reflected 
the relative influence of the significant va r i ­
ables--st ress s tate, s aturation , and compaction--on 
the k1 and k2 (constants in Mr k1ek2) 
values we re developed for six MSHA unbound granular 
materials investigated. These relationships were 
presented in Table 1. 

3. The study of the factors influencing the 
structural layer coefficients ai and SRs showed 
that degree of saturation (Srl, percent compaction 
(PC), subgrade CBR, and asphalt layer thickness were 
important parameters affecting their magnitude. 

4 . By using the Mr f(el relationships and 
bulk-stress (el values developed in this study and 
the ai and Mr corre lations from NCHRP Report 
120, typical layer c o e fficie nt s (ai) and SRs were 
developed for the MSHA granular materials investi­
gated. Predictive equations for the structural 
layer coefficient values of these materials were 
developed in terms of the primary variables studied. 

5. The final study phase dealt with determining 
composite modulus of subgrade reaction values (kc) 
for the MSHA materials studied. A typical bulk­
stress value of e = 4 psi was found to be appli­
cable based on elastic-layered studies for rigid 
pavement subbase layers. By using this, typical 
Mr-values were dete r mi ned a nd t he relationship 
between kc and Mr f o und in NCHRP Report 128 was 
used to investigate the influence of va riables on 
the composite modulus of subgrade reaction. It was 
found that the effect of material type and subbase 
modulus (for all combinations of saturation and 
compaction) on kc is small when compared with the 
influence of the subgrade modulus and subbase layer 
thickness. As in the ai study, simple predictive 
equations were developed in terms of the variables 
considered. 
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Moduli of Pavement Systems from Spectral Analysis of Surface 

Waves 
J.S. HEISEY, K.H. STOKOE II, AND A.H. MEYER 

A nondestructive technique for pavement evaluation is necessary to determine 
moduli of the various materials in existing pavement systems. Dynamic field 
testing can be used to calculate moduli from velocities of surface waves propa­
gating through the different layers of the pavement system. A naw, efficient 
technique incorporating an impulsive source has been developed to replace the 
slower. steady-state vibration technique. Frequency and phase content of the 
surface waves generated by the source are collected with portable spectral­
analysis instrumentation. Results for field tests conducted at two flexible 
pavement sections yielded wave velocities measured by the spectral-analysis 
technique that were within 10 percent of velocities determined from cross­
hole tests performed at both sites. This comparison confirms that an accurate 
profile of velocity versus depth (hence modulus versus depth) can be obtained 
by using this rapid, nondestructive spectral-analysis technique. 

Pavement life is usually defined as the length of 
service of the pavement system before maintenance or 
rehabilitation is required. Estimates of remaining 
life as well as appropriate remedial measures are 
based on the elastic moduli of the various pavement 
materials. Elastic moduli are used to characterize 
the stress-strain behavior of the pavement system, 
which in turn is used to indicate the potential for 
deterioration and tensile cracking in the surface 
layer. Numerous methods have been developed to 
determine elastic moduli in pavement systems in the 
field. This paper presents an advance in the state 
of the art in the application of one of these field 
methods, the wave-propagation method. 

There are four general methods used to evaluate 
elastic moduli of pavement systems (1): static de­
flec tions, steady-state dynamic deflections, im­
pact-load response, and wave propagation. The first 
three methods measure deflections or displacement 
response of the entire pavement system caused by a 
static or dynamic load. Moduli are then calculated 
indirectly by using some form of elastic-layer 
theory. The major drawback of these methods is that 
the overall stiffness of the pavement system is mea­
sured, and it is generally difficult to separate 
properties of the individual layers. 

wave-propagation methods measure the velocities 
of elastic waves traveling through the pavement sys­
tem rather than the deflections caused by the vibra­
tion source. Elastic waves can be generated by 
steady-state vibrations or transient impulses, and 
they can propagate through individual layers or the 
entire pavement system. Wave-propagation methods 
offer the most direct approach to determining elas­
tic moduli of pavement systems since each layer is 
uniquely identified by the wave propagation velocity 
of the material within the layer. 

MEASUREMENT OF ELASTIC PROPERTIES BY WAVE PROPAGATION 

Since the stress-strain properties of a material 
govern wave-propagation velocities in that material, 
dynamic (or seismic) testing can be used to deter­
mine wave-propagation velocities from which moduli 
of elastic materials can be calculated. Furthermore, 
most field techniques include methods to determine 
thicknesses or depths of different layers on the 
basis of wave-propagation velocities. 

Wa ve PropagatLon in El astic Half-Space 

Wave motion created by a disturbance within an infi­
nite, homogeneous, isotropic, elastic medium ("whole 

space") can be described by two kinds of waves: 
compression waves and shear waves. These waves are 
called body waves because they propagate within the 
body of the medium. When the elastic medium t'urms a 
half-space with a surface of infinite extent on the 
top, a third type of wave motion occurs. This third 
type of wave occurs in a zone near the surface of 
the half-space. The surface wave is called a Ray­
leigh wave, after its first investigator. Each of 
these three waves displays a different type of mo­
tion and travels at a different velocity. 

The compression wave exhibits a push-pull motion 
and hence is referred to as a dilatational wave. 
This dilatational motion occurs in the same direc­
tion as the direction of wave propagation. The com­
pression wave travels with a faster velocity than 
either the shear wave or the Rayleigh wave. Since 
the compression wave appears first in a travel-time 
record of wave motions, it is commonly called the 
primary wave, or P-wave. The velocity of the P-wave 
is given by the following equation: 

Vp = [(A + 2G)/p] y, (1) 

where 

A (Lame 's constant)= vE/ [(! + v) (1 - 2v)] (2) 

G (shear modulus)= E/2( 1 + v) (3) 

and E, v, and p are Young's modulus, Poisson's 
ratio, and mass density, respectively, of the elas­
tic material. 

The shear wave, also called a distortional wave, 
exhibits shearing motion perpendicular to the direc­
tion of wave propagation. The shear wave travels 
significantly slower than the P-wave and, as a re­
sult, appears later in a travel-time record. It is 
commonly called the secondary wave, or s-wave, be­
cause it arrives after the P-wave. The velocity of 
the s-wave is given by the following equation: 

v,= (G/p)'h (4) 

Unlike P-waves, the velocity of which can vary with 
the degree of saturation of a porous medium (such as 
soil), s-waves have the same velocity in a saturated 
medium as in an unsaturated medium because the fluid 
cannot transmit shearing motion. 

The Rayleigh wave, or R-wave, does not propagate 
into the body of the elastic medium but travels 
along the surface of the half-space. The wave mo­
t ion causes both horizontal and vertical particle 
displacements, which describe a retrograde ellipse 
at the surface. The amplitude of the wave decays 
quickly with depth so that at a depth of one wave­
length, the amplitude of particle motion is only 
about 30 percent of the original amplitude of the 
surface. The velocity of the R-wave is nearly equal 
to the s-wave velocity, particularly for values of 
Poisson's ratio above about 0.25. In addition, 
R-wave velocity is independent of frequency in a 
homogeneous half-space. Since an ideal elastic 
half-space has a unique R-wave velocity, each fre­
quency has a corresponding wavelength according to 
the following relationship: 
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Figure 1. Types of waves in elastic half-'9pace. 
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(5) 

where f is the input frequency of excitation that 
generates a Rayleigh wave of wavelength LR. The 
frequency-independent nature of the R-wave is the 
basis for certain types of dynamic testing. 

The propagation of wave energy away from a ver­
tically vibrating circular footing at the surface of 
an elastic half-space is shown in Figure la, which 
illustrates the three types of waves just dis­
cussed. Miller and Pursey (£) found that 67 percent 
of the input energy from a ve rtically oscillating 
circular source propagated away in the form of Ray­
leigh wave energy, whereas 26 percent was carried by 
the shear wave and 7 percent was carried by the com­
press ion wave. Body waves, P- and S-waves, propa­
gate radially outward along a cylindrical wave front 
at the surface. The relationships governing the geo­
metrical damping of the wave energy as a function of 
radial distance from the source (r) are also shown 
in Figure la. At the surface, the P-wave and s-wave 
decrease in amplitude by l/r•, whereas the R-wave 
decreases by l/lr. 

The propagation velocities of all these waves re­
lative to the shear-wave velocity are shown as a 
function of Poisson's ratio i n Figure lb. Note that 
the velocities Vpr Vsr and vR are the propaga­
tion velocit ies of the respective wave fronts and 
not the particie velocities of the medium itself due 
to the wave energy. 

Body Wa ves i n Layered System 

In the case of a pavement system, seismic waves pro-

Figure 2. Steady·state Rayleigh-wave testing in layered systems. 
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pagate through a layered system, which complicates 
the problem, especially for body waves. When body 
waves reach an interface between two layers, some of 
the body-wave energy is reflected back into the 
first layer and some is transmitted by refraction 
into the second layer. The combination of reflected 
and refracted body waves from a layered system 
greatly increases the complexity in analyzing wave 
arrivals, especially for measurements made at the 
pavement surface. In addition, pavement systems in­
clude the complication of having higher-velocity 
material overlying lower-velocity material <ll. 

Field Techniques for Determining Wave Velocities 

Various techniques are used for in situ measurement 
of wave velocities. The type of wave that is gen­
erated and recorded depends on the source of vibra­
tion as well as the location of receivers. Site con­
ditions may also govern which technique is most ef­
fective. 

Steady-state techniques generally use a vertical­
ly oscillating mass placed on the surface to excite 
the system with primarily Rayleigh waves. Vertical 
motion transducers are then moved along the surface 
until the distance between successive troughs or 
peaks of wave motion is established. This distance 
is the wavelength of the Rayleigh wave ~· and if 
the frequency of v i bration of the source i s known, 
the velocity is readily determined from "R = 
f • LR. This technique is illustrated in Figure 
2. It should be noted that a range of frequencies 
must be excited to develop a site profile adequately. 

When the steady-state technique shown in Figure 2 
is used at a given site, low frequencies generate 
long wavelengths corresponding to deep sampling of 
the site. Conversely, high frequencies generate 
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Figure 3. Representation of complex time signal by its frequency spectrum. 
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short wavelengths corresponding to shallow sampling. 
In multilayered systems, the Rayleigh wave propa­
gates at a velocity that reflects the material 
properties of the layer(s) that the wavelength 
samples. Short wavelengths within the surface layer 
wi ll measure properties in that layer only. Long 
wavelengths (relative to the depth of the surface 
and base courses) will travel predominantly through 
the subgrade. Intermediate wavelengths will sample 
the base course or average the properties of all 
three materials: surface, base, and subgrade. Each 
wavelength will then have a corresponding phase 
velocity, depending on how much of each layer the 
wave samples. 

The mathematical analysis required to interpret 
the relationship between phase velocity and wave­
length for several typical pavement sections was 
studied by Jones (_!). Jones assumed homogeneous 
elastic layers whi l e treating the subgrade as a 
semiinfinite medium and showed that at infinitely 
long wavelengths, the phase velocity approached the 
R-wave velocity of the semiinfinite medium. Simi­
larly, at very short wavelengths, the phase velocity 
approached the R-wave velocity of the surface 
layer. Theoretical solutions for an intermediate 
layer required more assumptions. 

Although earth materials are neither perfectly 
homogeneous or elastic, field investigations indi­
cate that such assumptions are reasonable. Heukelom 
and Foster (5) reported a profile of velocity versus 
depth that showed good correlation with the pavement 
profile when the effective sampling depth was taken 
as one-half of the Rayleigh wavelength. Szendrei 
and Freeme <!l found a similar correlation by using 
an effective sampling depth of approximately one­
third of the Rayleigh wavelength. 

Other surface measurement techniques utilize an 
impulsive source. Usually, velocities of P-waves 
are determined in these surveys. Travel times and 
travel distances to the received may be determined 
from the direct arrival or for an initial reflection 
in the upper layer. However, refracted waves are 
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normally encountered and care must be taken not to 
identify refracted waves as direct waves. To over­
come this problem, r e f rac t ion surveys are performed 
that take advantage of the faster-traveling re­
fracted waves to develop the profile and correspond­
ing velocities for a layered system. Such an analy­
sis is greatly complicated for a site with many 
layers or dipping strata. Refraction surveys are 
also hindered when a h i ghe r - velocity layer overlies 
a lower-velocity layer, as in the case of a pavement 
surface that overlies a base course or subgrade. 

An alternative to surface measurement techniques 
is croashola tasting (7). The source and receiver11 
are placed in drilled holes so that direct arrivals 
of waves can be determined. Both P- and S-wave 
velocities can be measured in this type of test . 
Layering and velocities are accurately determined. 
Proper spacing of the boreholes eliminates or mini­
mizes problems caused by refracted waves. The con­
straint of a quick, nondestructive test precludes 
this method from application in pavement evaluation . 
However, crosshole testing was used in this research 
as a tool to verify the accuracy of the proposed 
procedure . 

Of the various wave-propagation methods, the 
steady-state technique appears to be most feasible 
for pavement testing. Unfortunately, the time re­
quired to develop the velocity profile at a given 
location is prohibitive. Data acquisition at just 
one test location may take up to several hours de­
pending on the type of equipment used, the degree of 
resolution required, and the experience of the field 
personnel. However, if a wide range of frequencies 
(or wavelengths) could be excited and measured with 
a single excitation, the testing t i me could be 
greatly reduced. Such a procedure requires the 
spectral analysis of a wave pulse generated by an 
impact at the pavement surface. 

FREQUENCY DOMAIN MEASUREMENTS 

In the past 10-15 years, the development of micro­
processors and the fast-Fourier-transform (FFT) al­
gorithm has greatly extended the capability to mea­
sure and analyze dynamic systems in the frequency 
domain. Instrumentation now exists that rapidly 
filters and converts an analog signal to a digitized 
signal, transforms the signal from its representa­
tion in the time domain into its frequency compo­
nents, and analyzes the data in various formats. 
Consequently, frequency spectrum analysis provides a 
quick and feasible approach to evaluate the propaga­
tion of elastic waves through layered systems. 

Ad vantages o f Spectral Analys i s 

The primary reason for utilizing spectral analysis 
is that information can be extracted from the data 
that was not apparent from the time domain represen­
tation of the signal. For example, the components 
of the signal in Figure 3a are indistinguishable in 
the time record, but each wave and its relative con­
tribution to the overall waveform are easily ob­
served in the frequency spectrum shown in Figure 
3b. The amplitude and phase of each frequency com­
ponent in the waveform can be determined. In addi­
tion, relationships between two signals can be 
easily identified. 

Meas urements in Frequency Domain 

Several types of measurements can be made directly 
with most of the spectral analyzers that are cur­
rently available. The basic requi rement is the 
linear spectrum, generally of both an "input" signal 
and an "output" signal. Other functions are defined 
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by using these two spectra or their complex con­
jugates. 

The linear spectrum, denoted by Sx!f), is 
simply the Fourier transform of the signal. The 
linear spectrum provides both magnitude and absolute 
phase information for all frequencies within the 
bandwidth for which the measurement was taken. Since 
the absolute phase is measured, a trigger is re­
quired to synchronize the signal for averaging. 
Linear spectrum averaging is useful for determining 
predominant frequencies of excitation, identifying 
fundamental modes and harmonics of a dynamic system, 
or extracting a true signal out of background noise. 

The autospectral density function Gxx!f), com­
monly called the autospectrum, is defined as the 
linear spectrum Sx (f) multiplied by its own com­
plex conjugate Sx* (f). The magnitude of the auto­
spectrum is the magnitude s quared of the linear 
spectrum. This magnitude can be thought of as the 
power (or energy of a transient impulse signal) at 
each frequency in the measurement bandwidth. How­
ever, multiplication by the complex conjugate elimi­
nates the imaginary components of the spectrum, so 
no phase information is provided by the autospec­
trum. The advantage of the autospectrum is that it 
provides information similar to that of the linear 
spectrum but does not require a trigger to synchro­
nize the averaging of signals. 

The cross spectral density fu nction Gyx!f), or 
cross spectrum, is the Fourier tr a nsform of the 
cross-correlation function between two different 
signals x (t) and y (t). The cross spectrum is de­
fined by the following equation: 

(6) 

where Sy (f) is the linear spectrum of the output 
and Sx* (f) is the c omplex conjugate of the linear 
spectrum of the input. The magnitude of Gyx (f) is 
a measure of the mutual power between the two sig­
nals, making the cross spectrum an excellent means 
of identifying predominant frequencies that are pre­
sent in both the input and output signals. The phase 
of Gyx!f) is the relative phase between the sig­
nals at each frequency in the measur ement band­
width. Since the phase is a relative phase, the 
cross-spectrum measurement can be made without a 
synchronizing trigger. The cross spectrum is used 
primarily to determine the phase relationships be­
tween two signals that may be caused by time delays, 
propagation delays, or varying wave paths between 
receivers. 

The transfer function H(f), or frequency response 
function, characterizes the input-output relation­
ship of a dynamic system. The frequency response 
function is the ratio of the spectrum of the sys­
tem's response (output) to the spectrum of the sys­
tem's excitation (input). Thus, the transfer func­
tion is similar to the cross spectrum. Both provide 
the same phase information: the magn i tude of the 
transfer function is normalized by the autospectrum 
of the input G11 x (fl relat i ve to the magnitude of 
the cross spectrum. Consequently, the tr ans fer 
function of a given system should be constant re­
gardless of the input (if the system does not under­
go nonlinear behavior). Generally, the input is a 
force measurement derived from the signal of a load 
cell mounted on the source of excitation. Depending 
on the quantity measured as output, the transfer 
function may provide a measurement of impedance, 
dynamic stiffness, or one of several other system 
properties. The transfer function is frequently 
used to identify natural frequencies and damping 
coefficients of a dynamic system. 

The coherence function y 2 (f) is a measurement 
made in conjunction with the transfer function. The 
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coherence is a real-valued function that is the 
ratio of the response (output) power caused by the 
measured input to the total measured response 
power. Therefore, if y 2 (f) s 1, all the output at 
the particular frequency of interest is due to the 
measured inputs. Reasons why the coherence function 
may be less than unity are as follows: 

l. There are multiple input signals in the sys­
tem that are not being measured: 

2. Background noise is present in the measure­
ment: 

3. The frequency response function is nonlinear 
for the system: 

4. There are closely spaced resonant peaks that 
cannot be detected with the given frequency resolu­
tion inherent in the digitization of the signal: or 

5. Waves in the frequency range of poor coher­
ence are not adequately excited. 

EXPERIMENTAL PROCEDURE 

Equipment 

Two different sources were used to propagate waves 
through the pavement system. Each source generated 
an impulsive load on the surface of the pavement. 
Therefore, all signals were transient events. To 
develop a quick and efficient technique to determine 
the velocity profile, a wide range of frequencies 
(and corresponding wavelengths) must be excited by 
the source. An impulsive source is quicker and more 
efficient than a steady-state oscillator with regard 
to this requirement. An impact hammer is a satis­
factory source if it adequately excites the band­
width of frequencies needed to sample the pavement 
profile properly. 

The larger source was a falling-weight deflecto­
meter (FWD) similar to the Phoenix falling - weight 
deflectometer manufactured in Denmark (8). This de­
vice was mounted on a two-wheel trailer that could 
be towed on the highway by a passenger vehicle. The 
hammer was a falling mass that weighed 331 lb and 
could be dropped from various heights. Measurements 
were triggered internally by using the signal from 
the receiver closest to the source. 

A second source, called simply a drop hammer, 
consisted of a cylindrical steel mass weighing ap­
proximately 6 lb. The cylinder had a hole through 
the center so that it could fall from any height 
along the 24-in rod that guided the hammer to hit 
the base plate, which was 2.5 in in diameter. Mea­
surements were triggered with a resistance-capaci­
tance (RC) trigger (7). The RC trigger permits ac­
curate determination - of the direct arrival time of 
the wave from the source to the receiver. 

Velocity transducers, commonly called geophones, 
were used to detect wave propagation through the 
pavement system. Both vertical and horizontal geo­
phones were employed to allow sensitivity for 
several different types of waves and directions of 
motion. The geophones were mounted on steel blocks 
(with a largest dimension of 2. 75 in), which were 
then epoxied to the asphalt surface to ensure ade­
quate coupling. The geophones had natural frequen­
cies of 8 and 14 Hz (1 Hz ; l cycle/s) with an ap­
proximately linear response over the range of 
20-1600 Hz. Since only wave-propagation velocities 
(and not particle velocities) were desired, no cali­
bration factor was determined to relate voltage to 
absolute particle velocity. 

The instrument used to record the signals was the 
Hewlett-Packard Model 5420A digital signal analyzer. 
The instrument includes a set of signal filters, an 
analog-to-digital converter (ADC), a dual-channel 
digital oscilloscope, and a magnetic cassette tape 
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for storage and recall of permanent records. The 
analyzer can directly measure the frequency domain 
measurements previously discussed. In addition, the 
type of signal, type and number of averages, band­
width (or time length), and trigger conditions can 
all be specified by the operator. The analyzer can 
be easily interfaced with an x-y plotter to provide 
a hard copy of the data. 

The general configuration of the source, geophones, 
and recording equipment used in these tests is shown 
in Figure 4. The geophones were placed in a linear 
array to minimize anisotropic effects that might in­
fluence wave propagation. The line of geophones ex­
tended parallel to the direction of the roadway. 
Vertical geophones (subsequently identified by the 
symbol V) were located approximately 1, 2, 5, and 10 
ft from the source. Horizontal geophones (subse­
quently identified by the symbol H) were located at 
the same positions and were aligned radially from 
the source so as to detect wave motion occurring in 
the direction of wave propagation. Hereafter, mea­
surements are identified by the type of geophone 
used (V or H) and the location of the geophone ( s) 
from the source (1, 2, 5, or 10 ft). For example, 
measurement V2-V5 used vertical geophones located 2 
ft and 5 ft from the source. 

Measurements were made by using only two geo­
phones for any one impulse, since the recording in­
strument was a dual-channel device. Comparative 
records were taken for responses of both vertical 
and horizontal geophones. Both time-domain and fre­
quency-domain measurements were recorded, although 
the thrust of the data acquisition was toward spec­
tral analysis. Frequency-domain measurements in­
cluded the linear spectrum, autospectrum, cross 
spectrum, transfer function, and coherence func­
tion. Records with one average and with five aver­
ages were used to compare the advantages of averag­
ing. 

Figure 4. Experimental setup. 
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Method of Analysis 

since more than two-thirds of the energy generated 
by a vertical force propagates away from the source 
in the form of a Rayleigh wave, it was assumed that 
the recorded responses of the geophones represented 
primarily R-wave motion. Analysis by using the R­
wave is desirable since it is not significantly af­
fected by reflections that complicate P-wave and 
s-wave analyses. Furthermore, due to the relation­
ship between frequency and wavelength of the R-wave, 
the entire profile (to a depth of interest for a 
pavement system) can be investigated without borings 
being required. 

By using the phase information provided by the 
cross spectrum, travel times can be calculated for 
each frequency that is excited. The phase differ­
ence a between the signals of the input and output 
geophones represents the time lag or travel time 
~t for an R-wave (of frequency f and velocity 
vRl to propagate over the distance between the two 
geophones. The phase difference is 360 degrees for 
a travel time equal to the period of the wave T. 
With T/360 degrees as a proportionality factor, the 
relationship for travel time is as follows: 

t = (T/360°) · IJ (7) 

Because the frequency is the inverse of the period, 
travel time can be written as follows: 

t = ((8/360°)] . [(l/f)] (8) 

The distance between the geophones is a known param­
eter, and therefore the velocity is readily cal­
culated by the following equation: 

vR =(distance/flt) (9) 

Now both frequency and velocity are known, so the 
wavelength of the R-wave can be calculated from 
Equation 5. The profile of velocity versus depth is 
based on an appropriate fraction of the wavelengths 
corresponding on the effective sampling depth of the 
wave. 

A typical set of calculations is shown in Table 
1. Further details regarding the reduction and 
analysis of the data may be found in the report for 
this study (_l!) • 

Test Sites 

Field tests were conducted at two sitesi both pro­
files consisted of a subgrade, base course, and 
flexible pavement. Crosshole test data were avail­
able for comparison purposes at both sites. 

The first site was an asphalt section of Inter­
state 35 in Austin, Texas (referred to here as the 
Austin site). The longitudinal section profile is 
shown in Figure Sa. The thickness of the asphalt is 
approximately 6.5 in. The flexible base is com­
pacted in three layers, each approximately 5 in 
thick, and is underlain by a sandy subbase approxi­
mately 1 ft thick. The subgrade is primarily a 
stiff silty clay extending to a depth of about 13 
ft. Average unit weights of the materials are 145, 
140, 135, and 115 pcf for the pavement, base, sub­
base, and subgrade, respectively. Poisson's ratios 
were assumed to be 0. 35 for the pavement and 0. 40 
for the base, subbase, and subgrade. 

The second site was a section of Texas Route FM 
971 near Granger (referred to here as the Granger 
site), The section is located on a constructed fill 
embankment. The subgrade is a compacted clay to a 
depth of approximately 20 ft. The base course is 
approximately 11 in thick and consists of two layers 
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Figure 5. Longitudinal section profiles and material properties at test sites . 
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Table 1. Calculations from phase of cross spectrum for determining profile of 
velocity versus depth. 

Frequency 
(Hz OOOs) 

12 
14 
16 
18 
20 
22 
24 
26 
28 
30 
32 
34 
36 
38 
40 
45 
50 
54 
59 
65 
69 
75 
79 
83 
90 
95 

100 

Phase 
(deg) 

18.35 
16.57 
17.17 
24.98 
34.31 
50.11 
81.28 

109.30 
130.89 
149.44 
164.78 
175.84 
179.80 
187.92 
198.78 
228.95 
248.71 
275.96 
293.72 
300.91 
300.18 
3f0.71 
323.33 
343.29 
361.33 
374.94 
388.62 

Travel 
Time 
(ms) 

4.248 
3.288 
2.981 
3.855 
4.765 
6.327 
9.407 

11.677 
12.985 
13.837 
14.304 
14.366 
13.873 
13.737 
13.804 
14.133 
13.817 
14.195 
13.655 
12.859 
11.998 
11.508 
11.369 
11.489 
11.152 
10.963 
10.795 

Velocity 
(ft/s) 

1907.9 
2465.0 
2718.7 
2102.3 
1700.7 
1280.9 
861.5 
694.0 
624.1 
585.7 
566.6 
564.1 
584. 1 
590.0 
587.1 
573.4 
586.5 
570.9 
593.5 
630.2 
675 .5 
704.2 
712.8 
705.4 
726.7 
739.2 
750.7 

Note : Distanc e between geo pho nes = B.104 rt . 

Wavelength 
(ft) 

158 992 
176 071 
169 919 
116 793 
85 034 
58 222 
35 894 
26 693 
22 290 
19 523 
17 705 
16 592 
16 226 
15 525 
14 677 
12 743 
11 731 
10 572 
9 933 
9 696 
9 719 
9 390 
9 023 
8 499 
8 074 
7 781 
7 507 

Depth 
L/3 
(ft) 

52 997 
58 690 
56 640 
38 931 
28 345 
19 407 
11 965 

8 898 
7 430 
6 508 
5 902 
5 531 
5 409 
5 175 
4 892 
4 248 
3 910 
3 524 
3 311 
3 232 
3 240 
3 130 
3 008 
2 833 
2 691 
2 594 
2 502 
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of crushed limestone. The pavement is a two-course 
oil and stone surface treatment, approximately 0.5-1 
in thick. The section profile is shown in Figure 
Sb. Unit weights of the materials were assumed to 
be 145, 140, and 125 pcf for the pavement, base, and 
subgrade, respectively. Poisson's ratios were as­
sumed to be 0.30, 0.35, and 0.45 for the pavement, 
base, and subgrade, respectively. 

TEST RESULTS 

Austin Site 

Testing was first performed by using the FWD as the 
source. The complete time history of the FWD is 
shown in Figure 6a. The signal was recorded with a 
geophone attached to the base of the FWD. The sig­
nal was triggered (t = 0) with the initial downward 
hit of the weight. A pretrigger delay was used to 
capture the negative-time part of the signal. The 
small upward displacement at approximately t • -0.25 
s is due to the slight rebound of the base plate 
when the weight is released to undergo free fall. 
Multiple impacts occur for about eight or nine re­
bounds of the weight. These additional impacts do 
not interfere with the initial pavement response be­
cause all data are collected from the first impulse 
before the subsequent impulses occur. The time 
interval for a wave traveling from 2 to 10 ft is of 
the order of 10 ms, whereas the time interval be­
tween the first and second impacts of the weight is 
approximately 450 ms. 
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The Fourier transform of the time signal, the 
linear spectrum, is shown in Figure 6b. The major 
frequency component excited by the falling weight is 
approximately 21 H~. This corresponds quite closely 
to the pulse created by the first trough of the 
signal in the time domain. This pulse width is ap­
proximately 25 ms, yielding a predominant period 
T = 50 ms or a predominant frequency of 20 Hz. The 
level of excitation greatly decreases with increas­
ing frequencies. 

Figure 6. Impulsive loading created by FWD. 
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Figure 8. Rayleigh wave velocity profile: Austin site. 
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Comparisons for both time- and frequency-domain 
measurements indicate that there are no significant 
differences between one-average records and five­
average records. This is probably a rasult of the 
high reproducibility of the impulse. Occasionally, 
one-average records exhibited apparent anomalies. 
To avoid anomalies, all analyses were performed by 
using five-average records. 

A comparison of responses from vertical geophones 
and horizontal geophones indicates that responses 
are similar, although the magnitude of the vertical 
response is approximately 100 times the magnitude of 
the horizontal response since the source is designed 
to input energy in the vertical direction. However, 
velocities obtained from measurements by using hori­
zontal geophones were somewhat higher than those ob­
tained from measurements by using vertical geo­
phones. One possible explanation of this difference 
in velocities may be the greater sensitivity of the 
horizontal geophones to higher-velocity P-wave 
energy. 

The velocity profile 
records by using phase 
spectrum obtained from 
Figure 7. The three 
bandwidth (BW) = 200 

was determined from three 
information of the cross 

plots such as the one in 
records include Vl-V2 with 

Hz; V2-V5 with BW - 1600 Hz 

Figure 7. Plot of cross-spectrum phase versus frequency used to determine 
Rayleigh wave velocity. 
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(although useful data did not exist beyond about 250 
Hz); and V2-Vl0 with BW • 100 Hz. A typical set of 
calculations is shown in Table l. Depths given in 
the table were calculated by using the one-third 
wavelength criterion. The resulting profile is 
shown in Figure Ba. 

Velocities could not be determined with the FWD 
as the source for the upper 15 in of the profile. 
For typical velocities of pavement materials, the 
FWD cannot excite high enough frequencies to gener­
ate the short wavelengths needed to sample the upper 
layers. Previously, it had been shown that the 
level of excitation of the FWD decreased with in­
creasing frequency. Nearly all the energy of ex­
citation is contained within 100 Hz, and essentially 
no frequencies are excited above 250 Hz. Above 250 
Hz, the phase of the cross spectrum becomes erratic, 
as illustrated in Figure 9a. Similarly, the coher­
ence displays irregularities above 250 Hz. These 
results indicate that the FWD does not sufficiently 
excite the necessary frequencies to evaluate the en­
tire pavement system by the spectral analysis of 
propagated waves. 

Measurements for the drop hammer source were made 
by using one set of vertical receivers, V2-V5. The 
phase of the cross spectrum, shown in Figure 9b, 
provides useful data up to about 1400 Hz. Concur­
rently, the measurement exhibits high coherence up 
to approximately 1300-1400 Hz. 

The profile of velocity versus depth is shown in 

Figure 9. Comparison of phase of cross spectrum for measurement V2-V5 by 
using different sources. 
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Table 2. Summary of R·wave velocities determined from 
cross-spectrum measurements at Austin site. 

I. 6Bl!JB K 

I. 61!JBl!J K 

Approximate 
Thickness 

Material (in) 

Asphalt 6.5 
Base 15 
Sub base 12-15 
Subgrade 120 
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Figure Sb. The layering in the velocity profile 
(which used one-third of the Rayleigh wavelength as 
the depth) correlates well with the actual profile. 
By using the profile, Rayleigh wave velocities were 
estimated as 1400, 860, 690, and 560 ft/s for the 
asphalt, base, subbase, and subgrade, respectively . 

Velocities obtained from cross-spectrum measure­
ments by using both the FWD and the drop hammer are 
compared in Figure 10. The profiles from the two 
sources agree quite closely. The R-wave velocities 
for each layer are summarized in Table 2. The close 
agreement of velocities from the relatively light 
load (drop hammer) with those from the relatively 
heavy load (FWD) suggests that the moduli of the 
pavement materials are not stress (strain) sensitive 
over the range of stresses up to and including those 
generated by the FWD. Consequently, a lighter and 
sharper impulse is more desirable to sample all 
materials in the pavement since the heavier FWD 
could not generate high enough frequencies to sample 
the surface layer. 

Velocities from cross-spectrum (surface) measure­
ments were also compared with velocities from cross­
hole tests performed at the Austin site. Two 
borings were made and crosshole data were obtained 
for shear waves traveling directly in each layer. 
The S-wave velocity profile from crosshole testing, 

Figure 10. Comparison of crosshole velocities with shear-wave velocity profile 
obtained by using cross-spectrum (surface) measurements. 

VELCCITl', FPS • 10 
0 40 80 120 160 200 

c 

c 

4-~~~-'-~~~.L_~~--J'--~~--'~~~-I 

As h11. lt 

Base 

V' 'tj ID ID 
Subbase ~ m 

l!l 
--- 1!1!1 - ID--

Subgrade Cl m C!J 
'fJ m r!J'~m 

"m 
Ill 

'\i' ltl 
mm 

~ ?m 
ID 

• 
"' 

ID 

V Crouhole Velocities 

.. '\i' 

D Crou Spectrum Velocities (FWD as !Duree) 
0 Cross Spectrum Velocities (Drop Ha!!Vller as source) 

Velocity {ft/s) 

R-Wave 
Unit 
Weight Poisson 's Drop 
{pcf) Ratio FWD Hammer Avg 

145 0.35 1400 1400 
140 0.40 880 860 870 
135 0.40 700 690 695 
115 0.40 580 560 570 

S-Wave 

1500 
925 
740 
605 



30 

shown in Figure 10, compares very closely with the 
s-wave velocity profiles obtained by cross-spectrum 
measurements. The comparison for each layer is sum­
marized below. The close agreement in ve locities 
with an independent technique such as crosshole 
testing indicates the validity and accuracy of 
determining velocities (moduli) from spectral analy­
sis of surface waves by the cross-spectrum method. 

s-wa ve Velocit:i: (ft[sj 
Cross-Spectrum Crosshole Percentage of 

Material Measurements Tests Difference 
Asphalt 1500 1610 6.8 
Ba&1e !125 8:13 12.4 
Subbase 740 743 0.4 
Subgrade 605 565 7.1 

By using the s-wave velocities determined from 
cross-spectrum measurements (Table 2), a shear mod­
ulus and Young• s modulus were calculated for each 
layer. In addition, Young's moduli for the various 
layers were backcalculated from deflection basins 
measured during Dynaflect testing conducted at the 
Austin site. The Young's moduli by wave propagation 
(cross spectrum) and those by deflection methods 
(Dynaflect basin) are summarized below. For the 
most part, the moduli determined from the two 

Table 3. Summary of wave velocities and elastic 
moduli determined at Granger site. Unit 

Weight 
Material (pcf) 

Surface 145 
Base 140 
Stabilized 125 
subgrade 

Subgrade 125 
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methods are comparable, which suggests again that 
the cross-spectrum method is a valid and accurate 
approach. Slight differences in each layer may be a 
result of the uncertainty and variability in deter­
mining moduli by backfitting a deflection basin by 
using elastic theory (ELSYM5) : 

Material 
Asphalt 
Base 
Subbase 
6ubgr11.de 

Granger Site 

Shear 
Modulus 
(psi 0005) 
70 
26 
16 

9 

Young's Modulus E (psi OOOs) 
Wave 
Propagation 
190 

72 
45 
25 

Deflection 
Method 
250 
108 

40 
17 

Cross-spectrum measurements at the Granger section 
were obtained by using only the drop hammer as the 
source. Measurements were made along the centerline 
of the road and along a wheel path for various 
spacings of geophone pairs, ranging from 0.5 and 1 
ft to 8 and 15 ft. The frequency bandwidth of the 
measurements was varied from 50 to 3200 Hz to obtain 
data for wavelengths sampling each layer. 

The profile of velocity versus depth is plotted 
in Figure 11 by using a depth criterion of LRf3. 
The velocity profile shows distinct layering, which 
correlates well with the actual section profile. By 
using the profile, Rayleigh wave velocities were 
estimated as 980, 670, and 430 ft/s for the pave­
ment, base, and subgrade, respectively. By using 
the unit weights and Poisson's ratios previously 
listed for these materials, the Rayleigh wave veloc­
ities were converted to shear-wave velocities, and 
values of Young's modulus were calculated to be 
91 000, 42 000, and 16 000 psi for the pavement, 
base , and subgrade , respectively. 

Young's moduli ware also backc alculated fi:om de­
flection basins measured during Dynaflect testing at 
tne Granger site. These moduli are summarized in 
Table 3 along with those determined from wave-propa­
gation velocit i es (cross-spectrum method). The best 
agreement between the two methods occurs in the sub­
g rade layer, although the overall agreement is not 
so good as that exhibited at the Austin site. It is 
not clear which method is more "accurate" nor is it 
clear whether the use of elastic-layer theory and 
deflection measurements is reasonable for a thin­
layered, surface-treated pavement such as the test 
section at the Granger site. However, the cross­
spectrum method did provide a velocity profile that 
correlated closely with the profile layering. 

Shear-wave velocities in the subgrade determined 
from crosshole tests ranged from 490 to 530 ft/s 
compared with 420-480 ft/ s for velocities determined 
from the spectral analysis of surface waves. The 
lower velocities from cross-spectrum measurements 
may have been a result of greater moisture in the 
soil following a period of heavy rainfall at the 
site. In any case, the difference between veloc­
ities is only about 10 percent, which is quite ac­
ceptable for engineering purposes. 

Young's Modulus E (psi OOOs) 
Velocity (ft/s) Shear 

Poisson's Modulus Wave Deflection 
Ratio R-Wave $-Wave (psi) Propagation Method• 

0.30 980 1060 35 000 91 50 
0.35 670 720 15 700 42 13 
0.40 520 550 8 100 23 12.S 

0.45 430 450 5 500 16 12 

&Moduli were backcalculated from fitted denection basin by using elastic-layer theory (ELSY MS). 
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SUMMARY AND CONCLUSIONS 

A method to determine elastic moduli at soil and 
pavement sites was proposed and tested. Criteria 
that guided the development of this method included 
the restraint of nondestructive testing, accuracy of 
moduli for all layers regardless of thicknesses, and 
quickness and efficiency for rapid, extensive test­
ing. To meet these criteria, surface receivers were 
utilized to evaluate the Rayleigh wave motion 
created by a vertical, impulsive source that could 
excite a wide range of frequencies with a single im­
pact. Analysis was facilitated by using a portable 
spectral analyzer to study the magnitude and phase 
of the frequency content of the recorded wave 
pulse. Phase information from the cross-spectrum 
function was used to calculate Rayleigh wave veloc­
ities, which were converted to shear-wave veloc­
ities. Elastic moduli (shear moduli and Young's 
moduli) were then calculated from the shear-wave 
velocities. 

For pavement sites consisting of a flexible (as­
phalt concrete) surface, frequencies up to 2-5 kHz 
should be excited. This upper bound will vary de­
pending on the thickness and stiffness of the sur­
f ace layer. Higher frequencies are necessary for 
thinner, stiffer pavements. Based on tests at two 
pavement sites, it appears that geophones provide 
good response up to at least 3 kHz. For higher fre­
quencies, it may be necessary to use accelerometers. 

Comparisons between moduli calculated from wave­
propagation velocities and moduli bac kc alculat e d 
from measured Dynaflect deflection basi n.s ind icate 
that the wave-propagation method is a valid method 
to determine Young's modulus for each layer in a 
pavement system. Agreement between the two methods 
was quite good at the Austin site where the pavement 
was newly constructed but was not so good at the 
Granger site where the pavement was several years 
old and showed signs of deterioration. The poorer 
comparison at the Granger site may result from as­
sumptions in the elastic-layer theory that are not 
reasonable for a thin, surface-treated pavement. 

Shear-wave velocities in the subgrade obtained 
from surface measurements correlated well (typically 
within 10 percent) with those obtained from cross­
hole testing, which suggests that the cross-spectrum 
(surface) method is not hindered by the relatively 
stiff asphalt layer at the surface. However, both of 
the pavement systems investigated in this study con­
sisted of flexible surface layers, with stiffnesses 
about 5-10 times those for the subgrade. For rigid 
pavements, the stiffness of the surface layer is 
considerably greater. and may complicate the analysis 
of subgrade velocities and moduli. Further research 
is necessary to determine whether the cross-spectrum 
method is applicable for rigid pavements. 

Based on comparisons with shear-wave velocities 
from crosshole testing and Young's moduli calculated 
from Dynaflect deflection basins, the cross-spectrum 
analysis of surface waves was found to be a valid 
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and accurate method to determine moduli of pavement 
systems. Furthermore, the cross-spectrum method can 
be used to test a given location in only a few 
minutes, whereas the previous steady-state method 
might require several hours at a given location. As 
a result, the cross-spectrum method allows more data 
acquisition (and at lower costs) to evaluate pave­
ment condition. 
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Comparative Study of Selected Non destructive 

Testing Devices 
MARIO S. HOFFMAN AND MARSHALL R. THOMPSON 

An extensive program of flexible-pavement nondestructive testing (NDTI was 
conducted by the Illinois Department of Transportation (I DOT) in cooperation 
with the University of Illinois. Different !mostly in-service) pavements were 
tested. Conventional granular base and stabilized base material sections were 
studied. NOT rlAvi~"' uMUI were the IDOT road rater model 2008, the Benkel· 
man beam, and the falling-weight deflectometer. An accelerometer was used 
to measure surface pavement deflections under moving trucks. The main find· 
ings of the comparative NOT program are reported. Deflection-basin parameters 
for structural pavement evaluation are defined. Correlations and comparisons 
between the different devices are presented. Overall, the falling-weight deflect· 
ometer is the best NOT device for simulating pavement response under moving 
wheel loads. The road rater, because of its harmonic loading without rest peri­
ods and the static preload, induces pavement deflections lower than those 
achieved with the falling-weight deflectometer and moving wheel loads. Finally, 
the quasistatic loading in Benkelman beam measurements induces the highest 
pavement deflections. 

There is general agreement among pavement engineers 
and researchers that pavement surface deflection-ba­
sin measurements provide valuable information for 
structural evaluation. Pavement deflections, how­
ever, are highly dependent on loading mode (vibra­
tory, impulse, vehicular) and magnitude. The ideal 
responses for structural pavement evaluation are 
thus surface deflections under moving design loads. 
One of the main goals of this study was to determine 
the nondestructive testing (NOT) equipment and 
procedure that best simulate pavement response under 
moving loads. 

With that goal i."1 mind, th" Illinois Department 
of Transportation (IDOT) in cooperation with the 
University of Illinois has developed an extensive 
flexible-pavement evaluation method based on the 
interpretation of measured surface deflections 
(l,.£l. The first stage of the program included the 
collection of 11 000 deflection measurements over a 
period of three years on different !mostly in-ser­
vice) pavements. 

Throughout the deflection data collection, dif­
ferent selected NOT devices and methods were used. 
These included the Benkelman beam (BB) , IDOT road 
rater (RR), falling-weight deflectometer (FWD), and 
an accelerometer implanted in the pavement's surface 
to measure deflections under different moving trucks 
at varying speeds. 

The different types of pavements tested in the 
program (see Table 1) included the following: 

1. Conventional flexible pavements: asphalt-con­
crete (AC) surface over granular bases and subbases; 

2. Stabilized pavements: AC surface over a sta­
bilized base including cement aggregate mixture 
(CAM), pozzolanic aggregate mixture (PAM), and 
bitumen aggregate mixture (BAM); 

3. Surface treatments: a nominal asphalt and 
chips covering over a granular base; and 

4. Test sections: selected flexible sections in 
Loop 1 of the American Association of State Highway 
Officials (AASHO) Test Road in Ottawa, Illinois. 

Except for the sections on Loop 1 of the AASHO 
Test Road, all the sections are in-service pave­
ments. The effects of the following factors on 
surface deflections were investigated: RR load and 
driving frequency, FWD load, seasonal effects, 
vehicle weight and speed, and loading mode--quasi­
static (BB) , steady-state (RR) , impulse (FWD), and 

vehicular (moving trucks) • In addition to the 
deflection data collection, most pavement sections 
in the program were sampled for subsequent labora­
tory testing. 

This pap@r pr@a@nta th@ main f indinga of th@ 
comparative study of selected NOT devices. A de­
tailed description of this study and a full summary 
of the results have been presented elsewhere <1l· An 
extensive literature review of other deflection 
studies has also been given elsewhere 11 1.£). 

NOT EQUIPMENT AND PROCEDURES 

To facilitate the direct comparison of the different 
NOT devices, soil type and existing pavement condi­
tions were kept uniform. Measurements were made on 
20 points in each 100-ft-long section of pavement. 
The same 20 points (10 on each traffic lane, 10 ft 
apart) were tested at different times during a 
three-year period. 

Benkelman Beam 

A truck that had an 18-kip rear axle with dual tires 
(70-80 psi tire pressure) was used in the BB rebound 
method. The rebound deflection of the pavement was 
measured when the truck moved away from the testing 
point at creep speed. 

Road Rater 

The RR !model 2008) used in the study is an electro­
hydraulic vibrator capable of generating harmonic 
loads of up to 8 kips (peak to peak) at driving 
frequencies between 6 and 60 Hz. When the vibrator 
is set over the testing point, a static preload of 5 
kips is applied through the 12-in-diameter circular 
loading plate. The desired peak-to-peak load is 
then generated at the preselected driving frequency, 
and peak-to-peak deflections are recorded with 
velocity transducers (geophones). The !DOT RR has 
four deflection sensors, located at the center of 

Table 1. Description of pavement sections. 

Sectio n 

Bement 

Coffeen 
Deland 
Hillsboro 

Midlothian 
"A" 

Midlothian 
"B" 

Monticello 
Neoga North 
Neoga South 
Pana 
Sherrard 
Viola 
AASH0-845 

AASH0-872 
AASH0-874 

Cross Section 

Asphalt concrete, 4 in ; field-mixed soil cement, 
6 in 

Asphalt concrete, 3 in; lime-fly ash, I 0 in 
Surface treatment; granular base B, 8 in 
Asphalt concrete, 6.3 in; seal treatment, 2 in; 

crushed gravel, 6 in 
Asphalt concrete, 5 in; lime-fly ash, 6 in; gravel, 

lOin 
Asphalt concrete, 7 in; gravel , 7 in ; lime-fly ash , 
6in 

Asphalt concrete, 3.5 in; plant-mixed CAM, 8 in 
Asphalt concrete, 5.5 in; BAM, 7 in 
Asphalt concrete, 2.5 in; BAM, 7 in 
Asphalt concrete, 5.5 in; BAM (MC-800), 10 in 
Asphalt concrete, 4 in; crushed stone, 14 in 
BAM (HFE-300), 9 in 
Asphalt concrete, 3 in; crushed stone, 6 in ; 

sandy gravel, 8 in 
Asphalt concrete, 5 in; crushed stone, 6 in 
Asphalt concrete, 5 in; crushed stone, 6 in; 
sandy gravel, 16 in 

Sub grade 
Classification 
(AASHTO) 

A-7-6(24) 

A-4(5) 
A-7-6(21) 
A-7-6(18) 

A-6(14) 

A-6(10) 

A-6(8) 
A-7-6(18) 
A-6(8) 
A-7-6(16) 
A-4(6) 
A-6(9) 
A·6(6) 

A-6(6) 
A-6(6) 
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the loading plate and 1, 2, and 3 ft away from the 
center. 

Fall i ng- Weight Defle ctome t er 

The FWD is a deflection-testing device operating on 
the impulse-loading principle. A mass is dropped 
from a preselected height onto a footplate that is 
connected to a baseplate by a set of springs. The 
baseplate (12 in in diameter) is placed in contact 
with the pavement surface over the testing point. By 
varying the drop height, the impulse load was varied 
from 2 to 11 kips. The duration of the impulse 
loading ranges from 30 to 40 ms. 

FWD deflections are measured with v e locity trans­
ducers (geophones). One of these sensors is located 
at the center of the loading plate. Two additional 
sensors are movable and can be placed at any desired 

Figure 1. Deflection­
basin characterization. 
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Figure 2. BB versus RR coefficients of variability. 
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Table 2. Variables in stepwise multiple-regression analysis of BB and RR 
deflections. 

Variable Considered 

BB: Benkelman-beam deflection (mils) 
RR: road rater dertection• (mils) 
Fl: RR shape factor 1 
F2: RR shape factor 2 
Area: RR deflection-basin area (in) 
T: surface pavement temperature ('F) 
Tac: thickness of AC layer (in) 
Tgr: thickness of granular layer (in) 
Tsta: thickness of sta bilized layer (in) 
Sta: Flag = I if stabilized layer in section; 0 if not 
Seas: Flag = I i[ spring measurement; 0 if other 

a8-kip peak-to-peak load; 15-Hz driving frequency. 

Ra nge o[ Values 

Max 

194.0 
99.0 
1.68 
1.83 
3 1.4 
115 
8 .0 
14.0 
10 .0 

Min 

8.0 
5,8 
0.15 
0.20 
15.7 
64 
0.0 
0.0 
0.0 
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distance away from the center of the plate. During 
this testing program, the FWD sensors were placed 1, 
2, and 3 ft away from the center of the loading 
plate, the same spacing used for the RR. 

Accelerometer Measurements 

An accelerometer was implanted in the surface of 
selected AASHO Test Road (Loop 1) sections (sections 
845, 872, and 874) to measure deflections under 
moving trucks and under the FWD's loading plate. The 
accelerometer was placed in a hole 2 in in diameter 
by 2 in deep in the outer wheelpath. The single 
wire coming off the accelerometer was buried in a 
slot 1 in deep and 3/ 8 in wide sawed perpendicular 
to the direction of travel. 

The following trucks were used in the testing : 

Truck 
Light 
Medium 
Heavy 

Rear-Axle 
Wei ght (lb) 

5 100 
9 000 

18 000 

The trucks distributed the rear-axle weight shown 
through a single-axle, dual-wheel configuration. 
Truck speeds ranged from 8 to 30 mph. 

DEFLECTION-BASIN CHARACTERIZATION 

The deflection basin, measured with the RR and FWD, 
is characterized as follows: 

1. DO, centerline plate deflection; 
2. Dl, D2, D3, surface deflections at 1, 2, and 3 

ft, respectively; 
3. Deflection-basin area, parameter combining all 

measured deflections in basin (see Figure 1), de­
fined as Area (in) 6 (1 + 2Dl/DO + 2D2/ DO + 
D3 / DO); and 

4. Fl, F2, basin shape factors (dimensionless), 
Fl = (DO - D2)/Dl and F2 = (Dl - D3)/D2. 

The deflection-basin area ranges from a calcu­
lated practical minimum of 11 in (Boussinesq approx­
imation) to a maximum of 36 in (maximum by defini­
tion). Also, the area increases with increasing 
pavement stiffness Ill· The basin shape factors are 
analogous to a derivative of the deflection-basin 
curves, representing the variation of surface de­
flection with lateral distance from the centerline. 
In general, stiff pavements have lower shape factors 
I.!) • 

RESULTS 

Compa ri s on of BB a nd RR De f l ections 

The comparative study between BB and RR deflections 
was performed on 12 different in-service pavement 
sections. Nine of the sections were tested twice at 
different times of the year for a total of 21 cases. 
The RR followed the BB at routine RR testing condi­
tions of 8-kip peak-to-peak load and 15-Hz driving 
frequency. The same 20 points pee section were 
evaluated at each testing date . The following 
results were obtained: 

1. Without exception, mean BB deflections were 
higher than mean RR deflections; the ratio of mean 
BB and mean RR deflections ranged from 1.1 to 5.8. 

2. The variability of the BB deflections was 
generally larger than that of the RR (18 of 21 
cases). The mean coefficient of variation with the 
BB data was 19 percent and that of the RR data was 
14 percent (Figure 2). There is no linear correla­
tion between the BB and RR coefficients of variation 



34 Transportation Research Record 852 

Table 3. Analyses of BB and RR deflections : stepwise regressions. 

Other Variables 

Dependent SEE CV Constant RR 
Group N Variable R1• (mils) (%) •o • 1 

All data 418 BB 0.78 20.2 39 153 -0.47 
Stabilized sections 200 BB 0.72 3.3 17 113 0.90 
Remainder of data 218 BB 0.66 23.5 29 680 -0.44 

Note: Equation of the following fol"m: BB ;ao + a1 RR + a2FI + ... + a10 Seas. 

aSignificant at 1 percent level. 

Table 4. BB versus RR deflections. 

SEE CV 
Group N R1• (mils) (%) Regression Equation 

All'data 418 0.38 33.7 65 BB= 14.3 + 1.53 RR 
Stabilized sections 200 0.66 3.7 19 BB= 2.6 + 1.27 RR 
Remainder of data 218 O.D7 38.5 47 BB= 61.7 + 0.58 RR 

3Significant at l percent level. 

for a given sect i on (Figure 2 ) . 
3. If we assume that the inherent variability is 

constant for a given section, BB testing errors must 
be greater than RR testing errors. 

Different correlations between BB and RR deflec­
t ions were attempted in the study. A section-by­
section linear correlation of BB versus RR deflec­
tions (20 points per section) resulted in coeffi­
cients of determination (R') ranging from 0.05 to 
0.85. ln 12 of 21 cases, the R'-values were 
significant at the 1 percent level. In three cases, 
R'-values were significant at the 5 percent level, 
and in the remaining six cases there was no signifi­
cant linear correlation between BB and RR deflec­
tions. 

The addition of other variables permitted the use 
of stepwise multiple-regression analyses (see Table 
2) • Deflection data were combined in different 
groups: (a) all data (418 pairs of observations), 
(b) stabilized section (200 pairs), and (c) re­
mainder of data (218 pairs). Tables 3 and 4 summa­
rize the regression equations developed in the study 
for the different groups. While the coefficients of 
determination (R2) of a ll three g r oups are signif­
icant at the 1 percent level, only the stabilized­
section group has a standard error of estimate (SEE) 
acceptable for predictive purposes. 

Overall, it does not seem that BB deflections can 
be reliably predicted from RR deflections. The 
study (1) concluded that the loading-mode effects of 
the BB- (quasistatic) and the RR (vibratory with 
static preload) deflections are not predictable 
based solely on statistical models. A treatment of 
loading-mode effects on pavement response, far 
beyond the scope of this paper, has been given 
elsewhere (]). 

Comparison of RR a nd FWD De f l e ctions 

Two types of tests were performed in the comparative 
studies of RR and FWD deflections: (a) routine and 
(b) load and frequency sweeps. In the routine test, 
the RR was operated at an 8-kip peak-to-peak load 
and 15 Hz, and the FWD was operated at 8 kips. The 
FWD followed the RR over the preselected 19 stations 
per test section (one station had been eliminated 

Fl F2 Area T Tac Tgr Tsta Sta Seas 
a1 a3 a4 as .6 a7 •s •9 •10 

84.2 0.43 -5.6 -3.2 -42.7 -20.2 
-36 .5 -2.9 -1.29 

-156.4 66.3 -22 .9 0.5 3 4.15 -7.15 -15.4 

for coring and sampling). In the load and fre­
quency-sweep tests, the RR was operated at peak-to­
peak loads of 2, 4, 6, and 8 kips and driving fre­
quencies between 6 and 30 Hz at 2-Hz intervals for 
each load. Following the RR, the FWD was operated 
at loads ranging from 2 to about 11 kips. 

Routine RR and FWD Test Results 

Table 5 summarizes the results of the RR and FWD 
routine tests for the five sections in the study. 
The results show the following: 

1. Mean RR and FWD centerplate deflections (DO) 
are different. The hypotheses that the mean deflec­
tions are equal are rejected in all five cases (95 
percent confidence level). 

2. The mean FWD deflection-basin areas are sta-
tistically different (a 0.05) and consistently 
lower than the RR areas. 

3. The mean basin shape factors (Fl and F2) are 
statistically different (a 0.05) and consis-
tently larger for the FWD" 

4. The FWD variability, expressed by the coeffi­
cient of variation (CV), is larger than the RR 
variability of most values in Tables 3 and 4. 

Considering that both devices applied an 8-kip 
load, both loading plates were 12 in in diameter, 
and deflections were measured with geophones at the 
same basin locations, then the differences in Table 
4 can be mainly attributed to the loading-mode 
effects: vibratory with the RR and impulse loading 
with the FWD . 

Correlations Between RR and FWD 

Despite the difference in surface deflections be­
tween RR and FWD, they were highly correlated. 
Figure 3 shows the correlation between FWD and RR 
centerplate deflections (DO) , and Figure 4 shows the 
correlation between FWD and RR deflection-basin 
areas. 

The regression equation relating FWD and RR 
deflections is as follows: 

/::,.FWD (mils)= -3.40 + 1.21 /::,.RR (mils) (l) 

The coefficient of determination (R 2 ) is 0.94 
(significant at the 1 percent level), and SEE is 
3.23 mils. Note that up to a 15-mil deflection, RR 
deflections are larger than FWD deflections. Above 
the 15-mil RR deflections, the FWD induced larger 
deflections than the RR did (Figure 3). 

The regression equation relating FWD and RR 
deflection-basin areas is as follows: 

Area FWo (in)= -7.59 + l.l9areaRR (in) (2) 
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Table 5. Summary of FWD and RR deflections. 

DO 

Pavement Deflec· 
Tempera tu re Measurement lion SD CV 

Section Date (°F) Device (mils) (mils) (%) 

Bement 10/17/79 83 RR 14.92 2.59 17.40 
FWD 12.93 2.91. 22.50 

Deland 10/17/79 67 RR 40.50 3.53 8.70 
FWD 43.47 5.34 12.30 

Monticello 10/17/79 60 RR 14.39 2.55 17.70 
FWD 12.04 3.00 24.90 

Sherrard 10/19/79 83 RR 16.24 0.61 3.70 
FWD 17 .85 0.77 4.30 

Viola 10/19/79 65 RR 28.21 3.92 13.90 
FWD 34.64 4.37 12.60 

Shape Factor 

Fl 

CV 
Value SD (%) 

Bement 10/17/79 83 RR 0.44 0.10 22.10 
FWD 0.56 0.16 29.30 

Deland 10/17/79 67 RR 1.08 0.05 4.90 
FWD 1.89 0.15 7.70 

Monticello 10/17/79 60 RR 0.47 0.13 26.70 
FWD 0.65 0.17 26.10 

Sherrard 10/19/79 83 RR 0.74 0.06 8.00 
FWD 1.09 0.12 11.10 

Viola 10/19/79 65 RR 1.44 0.14 9.50 
FWD 2.23 0.36 16.30 

Notes: RR at 8001'.rlb peak-to-peak load, 1 S Hz, 19 stations per section. 
FWO at 8000-lb ±5 percent, I 9 stations per section. 

Figure 3. Correlation between FWD and RR deflections. 

so~~-.-B~E-M_E_N_T~~--.~~~~~~~~~~--.~~--.~~~ 

c 
.!! 
u 
~ 

~ 40 

.. .. 
e 
0 

~ 30 
6; 
Q 

.. 
c 

~ 
10 

0 
0 

• DELAND / / 
• MONTICELLO / I 
o SHERR ARO / • 
• VIOLA /• // 

10 

/ •/ · / ,,. 
/ "/ 

/ •. / 
&/ .. •• /. ~ 

. I . ....... / 
• • 1 

3.23 mils 

RA al S.OOOlb peok lo peak load; 15 Hz 

FWD al 8 0000 lb ! 5 'l'o 

20 30 40 

Rood Rallr Deflection, mill 

50 

where the coefficient of determination is O. 95 and 
SEE is l.14 in (Figure 4). 

From the point of view of evaluation of struc­
tural pavement, pavements are stiffer when evaluated 
from RR data. The stiffening effect of the- RR can 
be attributed to the static RR preload and the 
harmonic loading without rest periods <1>. A sum­
mary of regression relations between FWD and RR 
deflection-basin parameters is given in Table 6. 

60 

35 

DI D2 DJ 

Deflec- Deflec- Deflec-
lion SD CV lion SD CV lion SD CV 
(mils) (mils) (%) (mils) (mils) (%) (mils) (mils) (%) 

11.91 1.66 13.90 9.51 0.91 9.60 7.61 0.70 9.20 
9.96 1.66 16.7 0 7.20 0.77 10.60 5.22 0.45 8.60 

24.08 2.25 9.30 14.45 0.76 5.30 11.16 0.50 4 .50 
19.07 2.98 15.60 7.55 0.24 3.20 5.33 0.19 3.50 
11.39 1.75 15.30 8.87 0.79 8.90 7.25 0.42 5.80 
8.74 1.52 17.40 6.16 0.72 11.70 4.29 0.31 7 .30 

11.61 0.57 4 .90 7.71 0.30 3.90 4.45 0.23 4.20 
10.69 0.53 5.00 6.20 0.38 6.20 4.18 0.15 3.70 
14.11 2.11 14.90 8.00 1.37 17.20 6.16 1.12 18.20 
13.18 2.03 15.40 5.72 0.92 16.00 3.77 0.80 21.10 

Area 

F2 Deflec-
ti on 

CV Basin SD CV 
Value SD (%) (in) (in) (%) 

0.45 0.12 26.30 26.53 1.58 5.90 
0.65 0.18 28.40 24.81 2.34 9.50 
0.89 0.13 14.80 19.10 0.46 2.40 
1.82 0.41 22.50 14.12 0.55 3.90 
0.46 0.15 31 .60 26.18 1.91 7.30 
0.71 0.14 19.70 23.46 2.15 9.20 
0.80 0.D? 8.60 22.30 0.70 3.10 
1.05 0.o7 7.00 18.78 0.88 4.70 
1.01 0.20 20.30 16.72 0.76 4.50 
1.64 0.16 9.80 13 .22 0.95 7.20 

Figure 4. Correlation between FWD and RR areas. 
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Figure 5 shows results of typical RR and FWD load 
and frequency-sweep tests. The left-hand side of 
Figure 5 shows the variation of centerplate RR 
deflections with load and driving frequency. The 
right-hand side shows the variation of RR and FWD 
centerplate deflections with load. Numerous data 
similar to those in Figure 5 were gathered in the 
study; they are summarized elsewhere (!,). 

Figure 5 shows that 
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1. The different sections show a distinct RR peak 
deflection at different driving frequencies; 

3. For the Monticello section, RR and FWD center­
plate deflections agree at a driving frequency of 
22-24 Hz for all load magnitudes; and 2. For a given section, the driving frequency 

corresponding to the peak RR deflection is the same 
for all peak-to-peak loads; 

4. For the Sherrard and Deland sections, the FWD 
induces larger deflections than the RR at all loads 
and driving frequencies. 

Table 6. Correlations between FWD and RR deflections. 
To investigate the erratic response of different 

pavements to RR and FWD load and frequency tests, it 
is necessary to use pavement models capable of 
incorporating time or rate-of-loading variables. 
Hoffman used dynamic and viscous pavement models to 
that effect (1_). That study concluded that it is 
theoretically alffluult tu predict pavement response 
under one loading mode based on the response mea­
sured under a different loading mode, i.e., impulse 
response (FWD) from vibratory response (RR) • The 
main reason for that discrepancy is that the derived 
pavement parameters are dependent on loading mode 
and device (]) . 

Mean Mean 
Dependent FWD 

2" 
FWD RR 

Variable A B R SEE Value Value 

DO (111il~) -3.40 1.21 0.94 3.23 24 .19 22.8, 
DI (mils) 1.68 0.72 0.92 1.13 12.24 14.62 
D2(m1ls) 3.98 0.27 0.54 0.64 6.57 9.71 
D3(mils) 2.69 0.25 0.48 0.55 4.56 7 .52 
Area (in) -7 .59 1.19 0.95 1.14 18 .88 22.17 
Fl -0.15 1.73 0.93 0.19 1.29 0.84 
F2 0.03 1.57 0.72 0.26 1.16 0.72 

Notes: 1-"WO (var iable)= A+ Bx RR (variable), Area = 6(00 + 2Dl/DO + 202/00 
+ 03), Fl= (DO - D2)/Dl, F2 =(DI - D3)/D2. 

RR at 8-kip peak-to-peak load and 15-Hz driving frequency; FWD at 8 
kips ±S percent; N = 95. 

Accele r ometer Test Results 

8 Significant at 1 percent level. 

Figure 5. RR versus FWD deflections. 
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quisition system and generate deflection data 
moving trucks at varying speeds. All tests 
performed on selected AASHO Test Road sections 
1). 

under 
were 

(Loop 

The simultaneous measurement of FWD deflections 
with the accelerometer and the FWD centerplate 
sensor showed almost identical results (Figure 6). 
The agreement indicates that both measuring tech­
niques provide reliable results. 

Accelerometer outputs were used to generate 
acceleration, velocity, and deflection signals under 
moving trucks (Figure 7) and blows of the FWD (Fig­
ure 8). Note in Figures 7 and 8 the vertical and 
horizontal scales for signal amplitude and time 
duration, respectively. From additional data simi­
lar to Figures 7 and 8, the study (1) concluded that 
(a) truck signals have a longer duration than FWP 
signals; typical truck "pulse" durations at 50 mph 
were estimated at 120 ms whereas FWD pulses are of 
the order of 30 ms; and (b) as an approximation, 
truck signals start at the edge of the deflection 

Figure 6. FWD versus accelerometer deflections. 
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basin zone of influence. Thus, the stiffer the 
pavement, the longer the equivalent truck pulse 
duration. 

Pulse duration is relevant to the theoretical 
treatment of pavement response under different 
loading modes (]_). Bohn and others (~) performed 

Figure 7. Acceleration, velocity, and deflection signals under moving trucks. 
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numerous moving-truck and FWD deflection measure­
ments, and they also concluded that moving-truck 
signals were much longer than FWD deflection signals. 

Figure 9 shows the relationship between the 
ground acceleration amplitude g and centerplate 
deflection caused by FWD blows determined from 
accelerometer measurements. From Figure 9 it is 
observed that (a) FWD-imposed ground accelerations 
can reach values of up to 4 times g and (b) there 
ar e differ ent relationships between acceleration and 
deflection for different sections. The first obser­
vation suggests that inertia effects under FWD blows 
should be significant and may need to be included in 
theoretical analyses C3). The study also concluded 
that vehicle-imposed -accelerations were approxi­
mately one-tenth of the FWD accelerations. The 
discrepancy between FWD and vehicle-imposed acceler­
ations suggests that a fixed-in-place NOT device 
cannot simulate the loading effect of a moving 
load. However, FWD and moving-truck deflections in 
this study and those reported by Bohn and others (~) 

compared favorably. 
One explanation for the different relationships 

between acceleration and deflection amplitudes 
(Figure 9) is that FWD pulse duration changes for 
different pavements. From accelerometer signals FWD 
pulse durations were estimated to range between 24 
and 56 ms (_~) . 

Figure 9. FWD acceleration versus FWD deflection . 
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Figure 10. Variation of movin!l"truck deflections with vehicle speed. 
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Def l ections Under Moving Truc ks 

Figure 10 shows a typical relationship between 
deflection and vehicle speed fer the .P-Jt..SHO Test Road 
sections tested in the study. Truck speed ranged 
from B to 30 mph. 

Figure 10 shows no effect of vehicle speed on 
surface deflections. In fact, none of the nine 
deflection-speed relationships developed in the 
study (three per section per truck) showed a regres­
s i on c oeff ic ient signif i cant l y d i fferent f r om zero. 
In other words, the mean deflection is indicative of 
the speed effect. 

No generalizations are attempted bas ed on the 
limited speed-effect data collected in the study. 
Bohn and others (~) performed speed-deflection 
s t udies a t speeds bet ween 6 and 38 mph (18-kip 
rear-axle truck) and reported no effect of speed on 
surface deflections. Other studies (.~.> reported a 
deflection decrease of 35 percent between creep and 
40 mph. It is apparent that most of the deflection 
decrease with increasing speed takes place between 
creep speed and about B-10 mph (!.) • 

comparison of Mov ing-Truck , RR , and FWD Deflec tions 

Figure 11 shows the deflection-load relationship for 
moving trucks, the IDOT RR, and the FWD for the 
AASHO Test Road sections in the study. Average 
moving-truck deflections are shown since speed did 
not have a significant effect on deflections (see 
Figure 10) • RR deflections are shown for the peak 
deflection frequency and the lowest deflection 
frequency. The following conclusions were drawn 
from these studies: 

1. Peak RR deflections were consistently the 
lowest. At other frequencies RR deflections were 
even lower. At an 3~kip load level, RR deflections 
were about 25 percent lower than moving-truck de­
f lectlons \average). 

2. Moving-truck and FWD deflections were the 
closest. In two test sections, FWD deflections were 
slightly higher than moving-truck deflections. In 
the remaining section, moving-truck deflections were 
higher than FWD deflections. On the average, mov­
ing-truck and FWD deflections were in close agree­
ment. Agreement between moving-truck and FWD de­
flections had been reported earlier (_1_). 

The lower RR deflections can be attributed to the 
vibratory RR loading (without rest periods) and the 
RR's static preload. This loading mode produces a 
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Figure 11. Variation of movin1>-truck, RR, and FWD deflections with load. 
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stiffening e f fect and thus lower pavement deflec­
tions. The study concluded that the FWD is the best 
NDT device to simulate pavement response (deflec­
t ions) under moving loads. 

Influence o f Load on Surface Deflections 

The influence of load on surface deflections was 
investigated with the RR and the FWD. RR loads 
ranged from 2 to 8 kips peak to peak and FWD loads 
varied from 2 to 11 kips. Load effects were ana­
lyzed by using the pavement-stiffness concept. 
Stiffness is defined as the load needed to cause a 
un i t deflection (spring constant). The main find­
ings of the study are as follows (Tables 7 and 8): 

1. Most pavements showed a decrease in stiffness 
with increasing load (RR and FWD) • A decrease in 
stiffness with increasing load means that the pave­
ments soften (deflections increase faster than the 
load). 

2. The ratio between the maximum and minimum 
pavement stiffness ranged from 1.0 to 2.5 (most 
values between 1.2 and 1.6) with th e RR and from 
1.03 to 1.26 (most values between 1.1 and 1.2) with 
the FWD. RR stiffness values were computed at the 
peak deflectio n frequency. 

3. The deflection-basin area is less sensitive to 
loa d than centerplate deflections. RR (at a given 
driving frequency) and FWD areas varied within 10 
percent for the range of loads considered. The 
deflection-basin area is thus a strong characteriz­
ing pavement parameter. 

Influence of Driving Frequency on RR Def lecti ons 

The effect of driving frequency on RR deflections 
was investigated in frequency-sweep tests for driv­
ing frequencies varying from 6 to 30 Hz at 2-Hz 
intervals. The study indicated the following points: 

1. Different 
deflection at 
Figure 5) • 

sections 
different 

show one distinct 
driving frequencies 

peak 
(see 

2. For a given section, the driving frequency at 
the peak deflection is roughly the same a t different 
peak-to-peak loads. 

3. The ratio between the peak deflection and the 
minimum deflection in the sweeps ranged from 1.3 to 
3 . 9 . Rigid pavements are more susceptible to driving 
frequency than are conventional flexible pavements. 

4. The deflection-basin area reaches a peak at 
the same driving frequency as the peak deflections. 

(b) ( c) 

Table 7. Influence of load magnitude on RR deflections. 

Driving 
Stiffness at Peak-to-Peak Load 
Shown (kips/in) 

Frequency -----------­
Section (Hz) 2 Kips 4 Kips 6 Kips 8 Kips 

Bement• 18 625 558 547 508 
Deland• 16 296 245 224 197 
Monticello• 18 723 597 549 522 
Sherrard• 10 706 597 483 468 
Viola• 8 400 343 281 267 
AASH0-874 20 541 500 435 396 
AASH0-872 20 400 333 275 275 
AASH0-845 J 6b 250 200 182 100< 

~Average or thr~t ~t 1uloos. 
Not pentc dcflec 1lo 11 rrcquoncy. 

cUnstabk t~adJnss it~ lhc.';,C com.litions. 

Table 8. Influence of load magnitude on FWD deflections. 

Stiffness at Load Shown (kips/in) 

Section 3 Kips 6 Kips 8 Kips >8 Kips 

Bement• 783 779 736 711 
Deland• 175 172 170 
Monticello• 677 647 639 617 
Sherrard• 500 458 439 
Viola• 316 276 261 261 
AASH0-874 273 306 296 313 
AASH0-872 273 273 265 257 
AASH0-845 100 II 0 110 

~Avc.n1ge of ihrec stations. 
lnC'teiuing salffnrss with increasing load. 

Stiffness max 
Stiffness min 

1.23 
I.SO 
1.39 
l.51 
I.SO 
1.37 
l .45 
2.50 

:rnrrnc5S max 
Stiffness min 

1.10 
1.03 
I.I 0 
I.I 4 
1.21 
I.I 5b 
1.06 
!. !Ob 

5. The ratio between the maximum and minimum 
areas in a sweep never exceeded 1. 36; most ratios 
were between 1.1 and 1.2. 

6. The combined effects of load and frequency on 
pavement stiffness can be substantial. A typical 
flexible pavement with a stiffness of 1000 kips/ in 
at a 2-kip peak-to-peak load and 8-Hz driving fre­
quency can have a stiffness of only 500 kips/in or 
less at B kips and the peak deflection frequency. 
This illustrates the inconvenience of using low-load 
fixed-frequency NDT device s for structural pavement 
evaluation. 

Seasonal Effects on Surface Deflections 

Routine RR deflections 
15-Hz driving frequency) 

(8-kip peak-to-peak load, 
were measured four to six 
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Table 9. Analysis of variance of RR deflections with testing date. 

Section N 

Bement 120 

Coffeen 99 

Deland I JO 

Hillsboro 99 

Midlothian "A" 139 

Midlothian "B" 139 

Monticello 120 

Neoga "N" 80 

Neoga "S" 73 

Pana 100 

Sherrard 116 

Viola 78 

aSignificant at o: = o.os. 

F-ratio 

2.02 

37 .s1• 

34.32" 

106.483 

20.198 

20.958 

14.398 

61.11 a 

122.96' 

251.11 8 

134.763 

117.41 3 

Grand Total 

Mean/:;. 
(mils) 

15.34 

9.93 

43.55 

24.98 

7 .95 

14.08 

I 7.13 

28.67 

21.87 

20.71 

21.05 

39.11 

SD 
(mils) 

2.84 

1.98 

7.76 

6.86 

1.90 

2 .06 

3.78 

12.66 

6.33 

8.69 

7 .66 

23.04 

Table 10. Analysis of variance of RR basin area with testing date. 

Section N 

Bement 120 

Coffeen 99 

Deland 110 

Hillsboro 99 

Midlothian "A" 140 

Midlothian "B" 140 

Monticello 120 

Neoga "N" 80 

73 

Pana JOO 

Sherrard 116 

Viola 78 

3
Significant at O'. = o.os . 

F-ratio3 

8.00 

4.89 

30.13 

112 .81 

62 .25 

84.63 

5.2 

106 .90 

43 .50 

254.62 

63.34 

15.19 

Grand Total 

Mean Area 
(in) 

27.12 

29.24 

18.40 

26.90 

24.61 

23.91 

25.85 

22.75 

25.15 

23.74 

20.88 

16.61 

SD (in) 

1.88 

1.75 

1.24 

2.29 

2.19 

1.60 

1.91 

2.42 

1.65 

2.47 

1.33 

1 05 

CV(%) 

18.5 

20.0 

17.8 

27 .5 

23.9 

14.6 

22.0 

44.2 

29.0 

42.0 

36.4 

59.0 

CV(%) 

6.9 

6.0 

6.7 

8.5 

8.9 

6.7 

7.4 

10.6 

6.6 

10.4 

6.4 

6.3 
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Duncan Multiple-Range Test 

Group 
Mean/:;. 

Group 
Mean b. 

Group 
Mean 6. 

Group 
Mean b. 

Group 
Mean /:;. 

Group 
Mean b. 

Group 
Mean b. 

Group 
Mean b. 

Group 
Mean b. 

Group 
Mean 6. 

Group 
Mean b. 

Group 
Mean/:;. 

Oct. 78 
14.32 

Oct. 78 
7.21 

Oct. 78 
33.76 

Oct. 78 
14.08 

Nov. 78 
5.60 

Nov. 78 
11.08 

June 78 
14.51 

Oct. 79 
14.92 

May 78 
15.34 

Sept. 78 Ap r. 79 May 78 
9 .46 _1 o~._52 ___ 1_0~.6~7-

Apr. 79 
15.63 

Aug. 79 
11.74 

Oct. 79 Sept. 79 May 78 Apr. 79 
4_0~·.:..50~--4~1_.4~2- ~4~7-~3~0 __ .:..5.:..0.-'4~0-

May 78 
25.16 

Sept. 78 Apr. 79 
25.55 27.00 

Aug.79 
33.I I 

Sept . 79 
16.89 

June 78 
51.25 

May 79 Sept. 79 Aug. 78 Sept. 77 June 78 
.:..6 . ..:..9.:..5 _ _ -'7-".8'""0__ 8.32 8.58 9.79 

May 79 
13.76 

Aug. 78 Sept. 79 Sept. 77 June 78 
14.J I 14.44 14.80 15.63 

Oct. 79 Oct. 78 May 78 Sept. 79 June 78 Apr. 79 
.:.14-"'"'-3"-9 __ ..:..14-" . ..:..9..:..J __ .:..16"'.""24"'- 16.93 19.36 20.66 

Oct. 78 
11.84 

Oct. 78 
12.61 

Oct. 78 
9.24 

Nov. 78 
13.23 

Nov. 78 
21. I 6 

Aug. 79 
28.08 

Aug. 78 
24.28 

May 78 
I 6.71 

Ocl . 79 
16.24 

Apr. 79 
34.97 

Aug. 79 
25.29 

Apr. 79 
18.41 

Aug. 78 
39.83 

Apr. 79 
27.15 

Sept. 78 Aug 79 
25.7 I 33.50 

Sepl. 79 May 78 July 78 
22.18 19.47 20.41 

Oct. 79 Sept. 79 May 79 
.:..28.:..._2_1 __ 3~2_.2_6_ 7 3.90 

May 79 
36.03 

Duncan Multiple-Range Test 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Group 
Mean area 

Sept. 79 Oct. 78 Oct. 79 
26 50 25.95 26.25 

Aug. 79 
28.59 

May 78 
17.21 

Aug. 79 
24.64 

June 78 
22.71 

Sept. 77 
22.85 

Sept. 79 
24.82 

Aug. 78 
19.49 

Aug. 78 
23.47 

Sept . 78 Oct. 78 
28 ,78 28 .85 

June 78 
17.43 

Oct. 78 
18.12 

Sept . 78 May 78 
25.01 26.31 

Aug. 78 
23.17 

Aug. 78 
23.00 

Oct. 78 
24.89 

Aug. 79 
22 .32 

Aug. 79 
24.58 

Sept. 77 
23.80 

June 78 
23.17 

June 78 
25.62 

Apr . 79 
23.91 

Oct. 78 
26.25 

Sept. 78 Aug . 79 May 78 
23 .62 20.80 21 .58 

July 78 
18.80 

Sept. 79 May 79 
20.47 20.57 

May 78 
27.41 

May 78 
29.44 

Oct. 79 
19.10 

Apr. 79 
28.74 

Sept. 79 
24.83 

Sept. 79 
23.96 

Oct. 79 
26.18 

Oct. 78 
25.30 

Apr. 79 
26.92 

Apr. 79 
25.86 

May 78 
21.51 

Sept . 79 Oct. 79 Nov . 78 May 79 
15.55 16.72 16.81 17.31 -----====-----

June 78 
28.07 

Apr. 79 
30.78 

Apr. 79 
28.52 

Sept. 79 Apr. 79 
19.52 19.65 

Oct. 78 
29.91 

Nov. 78 
25 .43 

Nov. 78 
24.75 

May 78 
26.54 

Oct. 78 
26.86 

Nov. 78 
21.71 

May 79 
28.56 

May 79 
26.91 

Apr. 79 
27.04 

Oct . 79 
22.30 
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times in a two-year period on the 12 primary in-ser­
vice sections of the program. Tables 9 and 10 show 
the analyses of variance of RR deflections and area 
with date of testing, respectively. 

In addition to the F-ratio, which indicates 
whether the deflections and area changed with test­
ing date, Tables 9 and 10 include the results of the 
Duncan multiple-range test. In this test, means 
that are statistically equal (95 percent confidence 
level) are grouped together and are underlined. 
Tables 9 and 10 indicate the following findings: 

1. Except for the Bement section (deflections), 
mean RR deflections and area did change with testing 
date; 

2. Within the testing period, mean RR deflections 
for a given section changed by factors of 1.4-3.6; 

3. Within the testing period, mean RR area for a 
given section changed by factors of 1.07-1.30; 

4. Without exception, the lowest mean RR deflec­
tion was measured in the fall (October or November) ; 

5. The highest mean RR deflection was obtained 
either in the summer or the spring; and 

6. There is no specific time of the year when the 
area is the highest or lowest in any given section. 

SUMMARY AND CONCLUSIONS 

This paper presented the main findings and conclu­
sions of a comparative study of selected NDT devices 
for the structural evaluation of Illinois flexible 
pavements. The devices used were the Benkelman 
beam, the road rater (model 2008) , the falling­
weight deflectometer, and an accelerometer to mea­
sure surface deflections under moving trucks. The 
different (mostly in-service) pavements tested were 
selected to reflect typical flexible pavement con­
structions over a wide variety of subgrade soils 
throughout Illinois. Comparisons and correlations 
(where applicable) between different NDT devices 
were presented. The following conclusions were 
drawn: 

1. Overall, BB deflections cannot be reliably 
predicted from RR deflections. 

2. RR deflections ( 8-kip, 15-Hz) and FWD deflec­
tions (8-kip) are significantly different (statisti­
cally) for all pavements tested. However, RR and 
FWD deflections and areas are highly correlated. 

3. Surface deflections are highly sensitive to 
the RR load and driving frequency. Low-load fixed­
frequency vibrators can overestimate the pavement 
stiffness by factors of 2 or more. 

4. Overall, the FWD is the best NDT device to 
simulate pavement response under moving loads. The 
RR, because of its harmonic loading without rest 
periods and static preload, induces pavement deflec­
t ions lower than those achieved with the FWD and 
moving loads. 

5. FWD deflections and deflection-basin areas at 
a 9-kip load level or converted RR deflections and 
area at 8 kips and 15 Hz (by using the FWD-RR corre­
lations proposed) are recommended for structural 
flexible-pavement evaluation. 
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Backcalculating Nonlinear Resilient Moduli from 

Deflection Data 
MARIO S. HOFFMAN AND MARSHALL R. THOMPSON 

A method (I LLl-CALC) is presented for backcalculating nonlinear resilient 
moduli based on the interpretation of measured surface deflection basins. 
ILLl-PAVE, a stress-dependent finite-element pavement model, was used to 
generate data for developing algorithms and nomographs for deflection-basin 
interpretation. Nonlinear stress-dependent material characterizations are di­
rectly incorporated into the I LLl-CALC procedure. Solutions presented are for 
conventional flexible pavements composed of an asphalt concrete layer, a typi­
cal crushed-stone base layer, and a fine-grained subgrade soil. ILLl-CALC is il­
lustrated for two different flexible pavements by using deflection data collected 
on several testing dates. Agreement is achieved between backcalculated mate­
rial proparties and laboratory-determined properties. Agreement is also achieved 
between measured and predicted deflection basins. The backcalculated parame­
ters by using I LLl-CALC can be used as input for overl•Y desig11. Thu ch•nge 
in the stress state in the pavement-subgrade system caused by a change in the 
pavement cross section (overlay layer) is accounted for by the nonlinear stress­
dependent characterization of the granular base and subgrade soil materials in 
the ILLl-PAVE model. 

Pavement engineers continually face the problem of 
characterizing material properties of existing in­
service pavements, Material characterization is 
needed to (a) determine whether a pavement structure 
is adequate to accommodate an anticipated change in 
mission (traffic), (b) provide input for overlay 
design when the pavement is reaching its final 
serviceability, and (c) develop rehabilitative 
recommendations and optimal maintenance strategies 
based on routine structural evaluation. 

There is general agreement among pavement eng i­
neers and researchers that the measured surface 
deflection basin prov ides v&luablt: information for 
the structural evaluation of pavements. To inter­
pret surface deflection measurements, the actual 
pavement structure and its subgrade must be replaced 
by a mechanistic pavement model. 

The structural evaluation of a pavement is, to an 
extent, an inverted design process. If the cross 
section and properties of the paving materials and 
support system are known, it is possible to compute 
the pavement response (stresses, strains, and dis­
placements) for given loading conditions (design 
process). In the evaluation process, the response 
of the pavement is measured, and the material prop­
erties are backcalculated. The same concern exer­
cised in laboratory procedures to simulate the 
repetitive nature and magnitude of traffic loadings 
during sample testing applies to the full-scale 
testing of pavements. 

Numerous flexible-pavement evaluation methods, 
based on the interpretation of measured deflection 
basins, have been developed in the last 15 years 
(,!_-,2). These methods use two to five deflection­
basin values to backcalculate two to five resilient 
moduli. All methods use a linear elastic pavement 
model and a computerized iterative solution, a 
graphical solution, or nomographs in the backcalcu­
lation analyses. All · solutions are based on match­
ing the measured deflection basin with the theoreti­
cal deflection basin to determine the corresponding 
E-values. 

In recent years, several attempts have been made 
to consider nonlinear material properties (§.il, p. 
123), Still, the analyses are made based on linear 
elasticity, and material nonlinearity is considered 
by indirect means. 

This paper presents a method for backcalculating 
resilient moduli that directly incorporates non-

linear material characterizations. ILLI-PAVE, a 
stress-dependent finite-element pavement model, was 
used to generate data for developing algorithms and 
nomoqraphi:. for rl•fl•ction-b1111in interpretation. By 
using the proposed method, the backcalculated param­
eters can be used as input for overlay design. The 
change in the stress state in the pavement-subgrade 
system caused by a change in the pavement cross 
section (overlay) is accounted for by the nonlinear 
stress-dependent material characterization. 

ILLI-CALC, the method presented and illustrated 
in thifl paper, is for conventional flexible pave­
ments composed of an AC layer or surface treatment, 
a granular layer, and a fine-grained subgrade soil. 
A detailed description of the procedure and nomo­
g raphs for full-depth asphalt pavements and flexible 
pavements with stabilized base layers have been 
published elsewhere (8). 

DEFLECTION-BASIN CHARACTERIZATION 

The first goal of the present study was the selec­
tion of an appropriate nondestructive testing (NOT) 
device for structural pavement evaluation. The 
basis for that selection was the capability of the 
NOT device to simulate pavement response under 
moving design traffic loads. The reason for that 
demand is that most mechanistic models used in pave­
ment analysis and design are "static" models . Time 
of loading or loading mode are not included. Thus, 
undesi:ablc c~trapolations ~re minimized by analyz­
ing pavement response under moving loads. Loading 
mode (vibratory, impulse, vehicular) significantly 
affects pavement response (9). 

To accomplish that goal-;- the Illinois Department 
of Transportation (IDOT) and the University of Il­
linois engaged in an extensive deflection-testing 
program that included the Benkelman beam (BB), the 
IDOT road rater (RR), the falling-weight deflecto­
meter (FWD), and an accelerometer to measure deflec­
tions under different moving trucks. A full de­
scription of the program and a summary of the 
results can be found elsewhere (~) • 

The deflection study concluded that the FWD is 
the best device to simulate pavement response under 
moving trucks. Highly significant correlations 
developed in the study between the IDOT RR and the 
FWD at the 8-kip level (Table 1) permit the use of 
RR deflection basins for structural evaluation. RR 
deflection basins, however, must be converted to 
equivalent FWD deflection basins prior to being used 
in the proposed procedure. Both the IDOT RR and the 
FWD have a loading plate 12 in in diameter, and de­
flections were measured at the centerplate and 1, 2, 
and 3 ft away from the centerplate. 

The deflection basin is characterized as follows: 

1. DO, centerplate maximum deflection1 
2. Dl, D2, D3, deflections at 1, 2, and 3 ft 

from the centerplate, respectively; 
3. Deflection-basin "area" (see Figure 1), de­

fined as follows: Area (in) = 6(1 + 2Dl/DO + 202/ 
DO + D3/DO) ; and 

4. Fl, F2, deflection-basin shape factors, de­
fined as Fl = (DO - D2)/Dl and F2 = (Dl - D3)/D2. 

The deflection-basin area combines the four 
sensor deflections. It can vary from 11 in (Bous-
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Table 1. Correlations between FWD and RR deflections. 

Dependent 
R2' 

Mean FWD Mean RR 
FWD Variable A B SEE Value Value 

DO (mils) -3.40 1.21 0.94 3.23 24.19 22.85 
DI (mils) 1.68 0.72 0.92 1.13 12.24 14.62 
D2 (mils) 3.98 0.27 0.54 0 .64 6.57 9.71 
D3 (mils) 2.69 0.25 0.48 0.55 4.56 7.52 
Area (in) -7.59 1.19 0.95 1.14 18.88 22.17 
Fl -0.15 1.73 0.93 0.19 1.29 0.84 
F2 0.03 1.57 0.72 0.26 1.16 0.72 

Notes: FWD (variable) = A+ Bx BR (variable), Area= 6 (I + 2Dl /DO+ 2D2/DO 
+ D3/DO), FJ = (DO - 02)/DI, F2 = (DI - 03)/D2. 

RR at 8-kip peak-to-peak load and 15-Hz driving frequency; FWD at 8 kips .1 5 
percentj N = 95. 

3 Significan t at 1 percent level. 

Figure 1. Deflection-basin characterize· 
tion. 

DO 

00 

Dl 
DO 
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sine sq 
tion). 
(2 ). 

approximation) to 36 in (maximum by defini­
Also, stiffer pavements have larger areas 

In the evaluation procedure, RR centerplate de­
flections (DO) at 8 kips and 15 Hz are converted to 
equivalent FWD deflection by using the correlations 
in Table 1. This equivalent DO must then be multi­
plied by 1.125 for load adjustment (8-kip versus 
9-kip in ILLI-PAVE solutions) • RR basin area and 
shape factors must also be converted by using Table 
1 but no load adjustment is required (_!)). 

NONLINEARITY IN FLEXIBLE PAVEMENTS 

Nonlinear stress-strain or load-deflection relations 
are exhibited in laboratory testing of soil and 
paving materials and in field testing of flexible 
pavements . Results of repeated-load tests on paving 
materials and subgrade soils show that the resilient 
modulus, and to some extent Poisson's ratio, depend 
on the stress state. Numerous research efforts have 
been devoted to defining nonlinear stress-strain 
relationships for repetitive laboratory testing con­
ditions (lQ-13). Re s ilient modulus is defined as 
the ratio between the deviator stress and the 
recoverable strain. 

The nonlinearity most frequently observed in 
flexible pavements is the relation between a load 
applied at the surface and the corresponding verti­
cal deflection. Most flexible in-service pavements 
tested in the Illinois study showed softening (de­
flections increased more than the load) (.2,). For 
loads varying from 2 to 10 kips, pavement stiffness 
(load-deflection) decreases o f 20-60 percent were 
noted. 

The evidence of nonlinearity in flexible pave­
ments justifies the inclusion of nonlinear material 
characterizations in the mechanistic pavement 
model. A stress-dependent material model is espe­
cially needed for overlay design since the added 
thickness will result in stress-state changes in the 
pavement layers and subgrade soil. These stress­
state changes can be accounted for by stress­
dependent material characterizations. 
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ILLI-PAVE MODEL 

The ILLI-PAVE model is an axisymmetric solid of 
revolution based on the finite-element method (!!) • 
The model incorporates nonlinear stress-dependent 
material models and failure criteria for granular 
materials and fine-grained soils (.12). The princi­
pal stresses in the granular and subgrade layers are 
modified at the end of each iteration so that they 
do not exceed the strength of the materials as de­
fined by the Mohr-Coulomb theory of failure. Stud­
ies reported by Raad and Figueroa (15), Suddath and 
Thompson (16) , and Traylor (17) comparing measured 
and ILLI-PAVE predicted load-deformation responses 
yielded favorable results. 

Material Characterization 

Table 2 (14) summarizes material properties and 
pavement cross sections of ILLI-PAVE solutions de­
veloped for conventional flexible pavements. The 
asphalt-concrete (AC) material was assumed to be 
linear elastic with E-moduli ranging from 100 to 
1400 ksi. AC layer thicknesses ranged from 0 (sur­
face treatment) to 8 in. Layer thicknesses were as 
follows: 

AC La:ter {in) Granular Base {in! 
o.o 4.0 
1.5 6.0 
3.0 9.0 
5.0 12.0 
a.o 18.0 

24.0 

Two material models were used to characterize 
granular base materials. The general model was of 
the following form: 

Er= kO" (I) 

where 

Er= resilient modulus (psi), 
e first stress invariant or bulk stress (psi) , 

and, 
k,n a material constants determined in repetitive 

triaxial tests. 

Note in Table 2 that the crushed-stone material 
has k- and n-values of 9000 and 0. 33 and the gravel 
has k- and n-values of 6500 and 0.30, respectively. 
These granular material models were determined by 
Traylor (17) for base and subbase mat e rials used for 
the American Association of State Highway Officials 
(AASHO) test road. Base layer thicknesses ranged 
from 4 to 24 in. 

Four different fine-grained subgrade soil models 
(based on extensive previous research) (11) were 
used; they corresponded to typical stiff, medium, 
soft, and very soft conditions. These models are 
given in Table 2 and shown in Figure 2. Note in 
Figure 2 that the slopes of the curves for resilient 
modulus and deviator stress for the different sub­
g rades are constant. The "breaking point" of the 
curves at a deviator stress of 6 psi (defined as 
Odil corresponds to a resilient modulus denoted 
Er i. For each of the four subgrade models chosen, 
Eri becomes the main parameter characterizing the 
nonlinear subgrade soil. 

The crushed-stone material model in Table 2 was 
chosen in the first stage of the analyses and was 
kept constant. Thus, a typical three-layer conven­
tional flexible pavement was characterized by four 
variables: (a) the thickness of the AC layer (Tac), 
(b) the modulus of elasticity of the AC layer (Eac) , 
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Table 2. Material properties and cross·section geometries for ILLl-PAVE solutions. 

Property 

Unit weight (pcf) 
Lateral pressure coefficient at rest 
Poisson's ratio 
Unconfined compressive strength (psi) 
Deviator stress (psi) 

Upper limit 
Lower limit 

adi (psi) 
Eri (ksi) 
E-failure (ksi) 

Asphalt Concrete 

40"F 70"F 100°F 

145 .00 145.00 145 .00 
0.37 0.67 0 .8 5 
0.27 0.40 0.46 

E-constant modulus (ksi) 400.00 500.00 100.00 
Er model (psi) 
Friction angle (°) 
Cohesion (psi) 

Figure 2. Subgrade soil material models for ILLl·PAVE analyses. 
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(c) the thickness of the granular base (Tgr), and 
(d) the modulus of the subgrade soil at the breaking 
poin~ (Erij. 

Linear i ty Ver s us No nlinea rity in Pavement Evaluation 

To illustrate the effect of nonlinear material char­
acterizations and the failure criteria in the ILLI­
PAVE model, consider the typical flexible pavement 
cross section shown in Figure 3 . The pavement is 
composed of a 3-in AC layer, a 6-in granular base, 
and a fine-grained subgrade soil. Figure 3a shows 
the ILLI-PAVE cross section and material properties, 
whereas Figure 3b shows the same cross section with 
linearly elastic materials. Note that Figure 3b 
includes a stiff material (E = 5 x 10 • psi) 231 in 
below the subgrade level to simulate the zero­
displacement boundary of typical finite-element 
solutions. 

The surface deflection basin was computed for the 
ILLI-PAVE pavement in Figure 3a. By using the BISAR 
multilayer elastic p r og ram UJ!J, the values of E2 
and E3 were determi ned for the pavement in Figure 
3b so that both solutions yield identical deflection 
basins. Once E2 and E3 had been determined, the 
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Gravel 

135.00 
0.60 
0.38 

4 .00 

65008°·30 

40.0 
0.0 

Subgrade 

Stiff 

125 .00 
0 .82 
0.45 
32.80 

32 .80 
2.00 
6.20 
12.34 
7.605 

0 .0 
16.4 

Medium 

120.00 
0.82 
0.45 
22.85 

22.85 
2.00 
6.20 
7.68 
4.716 

0.0 
11.425 

Soft Very Soft 

l 15.00 J 10.00 
0.82 0.82 
0.45 0.45 
!2 .90 6.21 

12.90 6.2 1 
2.00 2.00 
6.20 6.20 
3.02 1.00 
1.827 1.00 

0.0 0.0 
6.45 3.105 

Figure 3. ILLl-PAVE and BISAR equivalent pavement cross sections. 
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Table 3. Comparison of ILLl-PAVE and BISAR solutions for identical 
deflection-basin systems. 

Response Parameter 

DO, deflection at r = 0.0 in (mils) 
DI , deflection at r = 12.0 in (mils) 
D2 , deflection at r = 24.0 in (mils) 
0 3, deflection at r = 36.0 in (mils) 
Deflection-basin area (in) 
Vertical stress, top of subgrade (psi) 
Radial stress, botto m AC layer (psi) 
Radial strain, bottom AC layer (0.0001 in/in) 
Radial stress, bottom granular layer (psi) 
Vertical strain , top of subgrade (0.001 in/in) 
Deviator stress, top of subgrade (psi) 
Deflection in AC layer(%) 
Deflection in granular base (%) 
Deflection in subgrade (%) 

Note: (C) =compression; (T) =tension . 

ILLl-PAVE BISAR 

37 .868 

18.64 
7.98 
4.74 
1 'i . 1 88 

15.80 (C) 
40.00 (T) 
4.90 (T) 
3.80 (C) 
2.10 (C) 
13.30 
1.00 
20.00 
79.00 

37.37 
17.37 
8 .22 
4.86 
15 .QO 
20.90 (C) 
112.40 (T) 
5.90 (T) 
14. JO(T) 
1.80 (C) 
15.70 
J.50 
25 .50 
73.00 

8 Equal DO and area are the basis of the 11equivalent 11 pavement systems. 

equivalent systems were compared for stresses and 
strains at selected locations. 

The E2 and E3 values in the BISAR system that 
yielded a surface deflection basin similar to that 
of the ILLI-PAVE system were 23 000 psi and 11 000 
psi, respectively. Table 3 shows a summary of se­
lected response parameters for the ILLI-PAVE and 
BISAR systems, which have identical deflection ba­
sins (DO and area). 

Table 3 shows that the BISAR and ILLI-PAVE sys­
tems, although they have identical deflection-basin 
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Table 4. ILLl·PAVE deflection-basin algorithms, group 3. 

Standardized Regression Coefficient for 

Dependent 2• CV Constant Eri Eac Tac R 
Independent Variables 

Tgr 
Variable (%) a (%) 0 p q Erl Eac Tac Tgr 

log DO 95.5 0.04 3.0 1.900 -0.0197 -0.000 200 -0.0451 -0.007 07 -0.46 -0.58 -0.47 -0.18 
Area 92.6 1.07 5,5 13.21 -0.359 0.004 09 0.946 0.127 -0.42 0.59 0.49 0.16 
Fl 90.9 0.13 12 . l 1.72 0.0432 -0.000 458 -0.0804 -0.0198 0.46 -0.60 -0.38 -0.23 
F2 94.9 0.09 8,1 1.73 0.0453 -0.000 418 -0.0829 -0.017 5 0.51 -0.58 -0.41 -0.21 

Note: Equation of the following form: Dependent variable= O + p x Eri + q x Eac + r x Tac+ s x Tgr. 
3 Significant at I percent level. 

Figure 4. Nomograph based on DO. TCJr, lnchea 

6 8 10 12 14 16 

Figure 5. Nomograph based on area. TQr, inches 

Table 5. Maximum and minimum values of I LU-PAVE variables. 

Variable 

Eac (ksi), modulus of elasticity of AC layer 
Eri (ksi), subgrade modulus at intercept 
Tac (in), thickness of AC layer 
Tgr (in), thickness of granular base 
log DO (mils), deflection at R = 0 
Area (in)= 6(1+2Dl/DO+2D2/DO + D3/DO) 
Fl =(DO - D2)/Dl 
F2 =(DI - D3)/D2 

Note: VaUd cases, 60. 

Maximum 
Value 

1400.0 
12.34 
8.0 
18.0 
1.76 
29.64 
2.08 
2.00 

Minimum 
Value 

100.0 
1.0 
3.0 
6.0 
0.866 
13.29 
0.27 
0.31 
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parameters, yield different stresses and strains at 
selected locations in the pavement structure. Note 
that the ILLI-PAVE radial stress at the bottom of 
the granular base layer is 3. 8 psi (compression) , 
and the corresponding BISAR stress is 14.1 psi 
(tension). 

If it is accepted that the ILLI-PAVE solution is 
a more realistic simulation of the actual stresses 
and strains in the pavement structure, the equiva­
lent linear elastic system, although adequate to 
simulate the deflection basin, is not adequate for 
computing certain stresses and strains. If it is 
further accepted that there are functional relation­
ships between selected pavement response parameters 
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Table 6. lnfluern:e of granular material 
Tac Tgr Ea c Eri DO(G) DO(CS) Change Area (G) Area (CS) Change type on ILLl-PAVE deflection bailns. (in) (in) (ksi) (ksi) (mils) (mils) (%) (in) (in) (%) 

Changing Eri 

1.5 6.0 500.0 12.34 35.03 30.40 15.2 12.31 13.05 -5.7 
1.5 6.0 500.0 7 .68 42.81 37.36 14.6 13.10 13 .88 -5.6 
1.5 6.0 500.0 3.02 58 .06 50.62 14.7 14.22 15.22 - 6.6 
1.5 6.0 500.0 1.00 69.01 60 .30 14.7 14.74 16 .19 - 9 .0 

Changing Tgr 

l.5 6.0 500.0 7.68 42.81 37.36 14.6 13.10 13.88 -5. 6 
1.5 9.0 500.0 7.68 40.05 33.62 19 . l I 3.5 I 14.50 -6.8 
1.5 12.0 500.0 7.68 38.59 31.46 22 .7 l 3.75 14.85 -7.4 

Changing Eac 

l.5 6.0 100.0 12. 34 40.35 33.83 19.3 11 .33 12.30 -7 .9 
1.5 6.0 500.0 12.34 35.03 30.40 l 5.2 12 .31 l 3.05 -5 .7 
1.5 6.0 1400.0 l 2.34 28.97 26.09 11.0 13.51 14.02 - 3.6 

Changing Tac 

u.u 6.U u.u 7.68 61.86 51.96 19.l 10.90 l l.92 -8.6 
1.5 6.0 500.0 7.68 42.81 37. 36 14.6 13.10 13.88 -5.6 
3.0 6.0 500.0 7.68 28.46 26.24 8 .5 l 6.13 16.57 -2.7 

Notes: G =gravel ; Er = 650080-30 psi. CS= crus hed stone; Er= 900080.33 ps i. Change(%) = (G - CS)/CS x 100. 

(a, €r 6) and pavement performance, the cho i c e 
of a proper mechanistic model for pavement evalua­
tion and design is of great significance. 

Deflection Basins 

By using the material properties and cross sections 
summarized in Table 2, ILLI-PAVE deflection-basin 
data were generated for a total of 144 combina­
tions. A 9-kip load uniformly distributed over a 
circular area 12 in in diameter (the loading area of 
hoth RR and FWD) was used. A 9-kip load also cor­
responds to the rear-axle loading of an 18-kip 
single-axle design load. 

Previous studies (19,1.Q) have demonstrated the 
validity of the algorithm approach with the ILLI­
PAVE model. By using multiple-regression tech­
niques, deflection-basin predictive equations were 
developed as a function of the four ILLI-PAVE inputs 
(Eac, Eri, Tac, Tgr) for conventional flexible pave­
ments. The crushed-stone material model in Table 2 
was kept constant. Pavement cross-section combina­
tions were grouped to yield optimum predictive equa­
tions. The solutions for one such group (AC layers 
between 3 and 8 in thick and granular bases between 
6 and 18 in thick) are shown in Table 4. (Maximum 
and minimum values of the variables are gi ven in 
Table 5.) Solutions similar to those in Table 4 
were developed for a tota l of three groups. 

The regression equations in Table 4 show that it 
is possible to predict ILLI-PAVE deflection-basin 
parameters with reasonable accuracy. The coeffi­
cients of determination (R2 ) of the regression 
equations range from 90 to 95 percent (significant 
at the 1 percent level) , and the coefficients of 
variation (CV) are less than 12 percent; most values 
are between 3 and 8 percent. The accuracy achieved 
is reasonable considering that 

1. The deflection-basin predictive equations can 
be used in lieu of expensive and frequently unavail­
able computer runs, 

2. The predictive equations are based on solu­
tions of a complex and c omprehensive stress-depen­
dent pavement model, and 

3. Predictive errors of the order of 10 percent 
are compatible with the variabilities commonly noted 
in field deflection-basin measurements. 

To facilitate the use of ILLI-PAVE deflec t i o n­
basin solutions, the regression equations were put 
in nomographical form. Figures 4 and 5 show the 
nomographs for centerplate deflection (DO) and 
deflection-basin area for the solutions in Table 4, 
respectively. Similar nomographs were developed for 
other conventional pavement groups, surface-treated 
full-depth asphalt, and stabilized pavements (_!!) • 

I nflue nce o f Gr a nular Material Type 

The advantage of using a constant material model for 
the granular base material (a typical dense-graded 
crushed stone ) i s obvious from the fact that the 
variables of the pavement model are reduced to four 
(Eac, Tac, Tgr, Eri). The effect of replacing the 
crushed stone by a gravel was determined for typica l 
ILLI-PAVE solutions. The material model for the 
gravel is given in Table 2, and the results of the 
sensitivity analysis are summarized in Table 6. 
Results shown (DO and area) are for a 9-kip load 
uniformly distributed over a 12-in-diameter circular 
area. Table 6 shows that 

1. Gravel maximum de flections (DO) ar e cons i s ­
tently higher than crushed-stone deflections by 
B.5-22 percent, 

2. Gravel areas are lower than crushed-stone 
areas by 3-9 percent, 

3. From the point of view of DO, the effect of 
granular material type is more pronounced for 
thicker granular layers, and 

4. The influence of granular material type on DO 
and area decreases for increasing AC stiffness and 
thickness. 

From the point of view of pavement evaluation, 
neglecting the actual granular material type will 
result in minor errors in the backcalculated pave­
ment parameters. This is not the case for stress 
and strain computations (14). The tensile strain at 
the bottom of the AC layer can be 40 percent higher 
for a gravel than for a crushed-stone base (14). 
Thus, although it is reasonable to use the algo­
rithms in Table 4 for the interpretation of 
deflection-basin parameters for different granular 
material types (within limits), the prediction of 
additional pavement response parameters may require 
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Figure 6. Summary of labora· 
tory data for Deland materials. 

SECTION: DELAND 

DATE OF SAll'LING: 6/19/1978 
STATIDN SAll'LED : lD 

TYPICAL CROSS SECTION 
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RES!llEHr PRDP(RTIU OF SU8GAADE SO IL FROK SllELBY TUBE SAHi' ES L 
She l by Depth yd " s• qu Ea (ksi) 
Tube I (in) (pcf) (%) (%) jpsi) D..i•6pJ I ffld • 12 ps t 

Surface Trealment Ty~ A·3 l 0·4 100 . 5 18 .8 73 s.o -
2 1·5 93. 2 25. 6 84 3. 3 2. 9 

a" 
Granular BaH 

Sub9radt 
A·7·6(21) 

l 
2 
1 
2 
2 
l 
2 

4-0 
6-10 

12-16 
12-16 
21-25 
20-32 
27-31 

94.0 26. 2 
91.0 27 .o 
90. l 24. 6 
90.2 27 .c 
09.5 27. I 

101.9 10. 6 . 20. 6 

07 15. 6 - -
05 10 . 5 . -75 - 4.1 -
02 3.0 2.9 
01 0.9 - -75 - 4.0 -. . 5.1 3.9 

SUBGAADE SO!L PllD PERTIES (Upper 6 to 8 inches ) 
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'"1T< 

is I SSi I SC LL I PL TEXTURE I AASHTO 
• (S) 

3.3 I 62.2 I 34.5 45.3 [ 24.3 Si CL j A-7-6(21) 2. 75 
Top of Base 
Top of Subgrade 

5. 3 
22.8 

IOl$1UAE·DEHS11V-COR RElATIDIOSHIPS (AASHTO T-99) 

Figure 7. Evaluation 
nomograph for 
surface-treated 
pavements. 
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a closer identification of the granular material 
type (resilient behavior and shear strength), 

ILLUSTRATION OF PROPOSED METHOD 

Case 1: Deland Section 

The Deland section is a surface treatment over a 
granular base layer 8 in thick. For evaluation pur­
poses, Deland is a two-layer system with Tac and Eac 
equal to zero and Tgr equal to 8 in. RR deflections 
were measured at Deland on six different dates. On 
one testing date, one station was cored and sampled 
for laboratory testing (Figure 6) • 

Figure 7 shows a nomograph for the evaluation of 
surface-treated pavements by using the crushed-stone 
granular material model in Table 2. For given DO 
and Tgr, the Eri value can be determined from Figure 
7. The deflection-basin area can be used to check 
the validity of the solution. 

Table 7 summarizes the step-by-step interpreta-

GRANULAR BASE MATERIAL 

Vas.hied Steve An.di It s.ts. 

Sieve Size l 1/4 5/0 

% Passing 100 04 

3/8 No 4 No l O No 50 No 200 

67 52 39 17 12 

Limi l• of - No 40: NON-PLASTIC 

20 22 

/ ER • 3900 ,o.52 / (• •01 +203) 

n• 7; r-- 0.90 

emin= 35 psi o ER.min "' 25,000 ps1 

emax" 150 psi; ER,max" 57 ,ODO psi 

tion of measured RR deflections from the Deland sec­
tion for the six testing dates. The table shows 
that (a) the backcalculated Eri value differs at 
different times of the year and ranges from 9 ksi 
(fall 1978) to 3 ksi (spring 1978) and (b) the 
ratios between the measured and predicted areas 
range from 0.93 to 1.18. 

The laboratory-determined resilient modulus of 
the subgrade soil at a deviator stress of 6 psi (the 
stress level of Eri) ranges from 3 to 5.1 ksi (Fig­
ure 6). These values, which correspond to different 
samples obtained from two Shelby tubes that repre­
sent the top 30 in of the grade, compare reasonably 
with the backcalculated Eri value of 2.8 ksi (June 
1978). 

Figure 8 shows a nomograph for Deland deflection­
basin interpretations that incorporates granular 
material models similar to the model determined at 
the laboratory (see Figure 6). Figure 8 shows an 
envelope of possible Deland solutions for two 
k-values in the ken-model and illustrates the 
influence of granular material type on surface­
treated pavement deflections. The backcalculated 
Eri values and predicted areas by using the modified 
granular material models are shown in Table 8. 

For practical purposes, it appears that the 
nomograph in Figure 7 (constant granular material 
model) is adequate for evaluating Eri for surface­
treated pavements. The use of a particular granular 
material model, different from the one used in the 
nomograph, is justified only when there is disagree­
ment between measured and predicted areas. 

Case 2: Sherrard Section 

The Sherrard section is a 4-in AC layer over a 14-in 
crushed-stone base. RR deflection basins were mea­
sured on five different dates (Table 9). In May 
1979, one station was sampled for laboratory testing 
(Figure 9). Algorithms and nomographs for Sherrard 
deflection-basin interpretation are given in Table 4 
and Figures 4 and 5, respectively. 

Figure 10 illustrates the interpretation of 
Sherrard centerplate deflections (DO) and area for 
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the different testing dates. As noted, there are 
diffe rent combinations of Eac and Er i values that 
satisfy the DO and area parameters individually on 
each testing date. The actual solution is the set 
of Eac and Eri values that satisfy DO and area 
simultaneously. 

The backcalculated parameters for different test­
ing dates are summarized in Table 10, which shows 
that 

Table 7. ILLl-PAVE interpretation of Deland deflection basins. 

(I) (3) 
Mean RR (2) Derived FWD (4) 
Deflection Mean RR Deflection Derived FWD 

Testing Date (mils) Area (in) (mils) Area (in) 

5/10/78 47 .30 17.21 53 .83 12 .9 
6/19/78° 51.25 17.43 58.61 13.2 
10/24/78 33.76 18.12 37.45 14.0 
4/19/79 50.40 19.65 57 .58 I 5.8 
9/7 /79 41.42 19.52 46.72 15.6 
10/17/79 40.50 19.10 45.6 1 15 .1 
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1. The backcalculated Eri values range from 7.5 
ksi to 13.l ksi, 

2. The backcalculated Eac values range from 40 
lcsi (surface pavement temperature of 98 ° Fi to 1000 
ksi (surface pavement temper a ture of 68°F), and 

3. The measured deflection-basin shape factors 
(not used in the backcalculation process) and those 
predicted by using the backcalculated parameters and 
the algorithms in Table 4 are in good agreement. 

While a direct comparison of backcalculated and 

(8) 
(7) Measured Area 

(5) (6) Predicted Predicted Area 
Derived DO Eri (ks1) Area (in) (in) 

60.6 3.6 13.8 0.93 
65 .9 2 .8 l J.9 0.95 
42. 1 9.0 12.5 1.1 2 
64.8 3.2 14.0 1.1 3 
52.6 5.0 13.3 1.18 
5 1.3 5.2 13.4 1.13 

Notes: ( 1) = Mean measured RR deflections at 8 kips, 15 hz. 
(2) = Mean measured RR area at 8 kips, J 5 Hz. 

(5) = Column (3) times 1.125 for load adjustment in ILLI-PAVE solutions (9 kips). 
(6) = Backcalculated Eri from nomograph in Figure 6. 

( 3) = Predicted FWD denections by usfog Table I. 
(4) =Predicted FWD area by using Table J. 

3Date of sampling for laboratory testing. 

(7) = Backcalculated area by using column (6) in nomograph in Figure 6. 
(B) =Column (4) divided by column (7). 

Figure 8. Influence of granular material type on Deland solutions. Eri 
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Table 8. Influence of granular material resilient 
response model on Deland backcalculated 
parameters. 

Testing Date 

5/ l 0/78 
6/19/78 
10/24/78 
4/19/79 
9/7 /79 
10/17/79 

Measured 
DO (mils) 

60.6 
65.9 
42 .1 
64.8 
52.6 
5 1.3 

Eri ksi 

Backcalculated Eri" 
(ksi) 

k = 5000 

4.0 
3.2 
8.8 
3.3 
5.5 
5.7 

k = 9000 

l.7 
l.2 
4.6 
l.3 
2.7 
2.9 

Note: Granular base Tgr =Bin, Er= ko 0·52• 

aBy using Figure 7. 

Area (in) 

Predicted for 
k = 5000 

l 3.4 
13 .7 
12.5 
I 3.6 
13.2 
I 3. 1 

Measured 

12.9 
13.2 
14.0 
15.8 
15 .6 
15. 1 

Predicted for 
k = 9000 

16.5 
16.8 
15.4 
16.7 
16.0 
15 .9 
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laboratory-determined Eri values is not possible due 
to an RR malfunction on the sampling date, the back­
calculated Eri values seem reasonable. Note in 
Figure 9 that the laboratory Eri (deviator stress of 
6 psi) is variable. The average of four laboratory 
values is 5.4 ksi with a standard deviation of 1.07 
ksi (coefficient of variation of 20 percent). Note 
in Table 9 that the coefficient of variation of DO 
never exceeded 12.3 percent. 

The resilient moduli of AC core samples deter­
mined in indirect tensile tests at 77°F ranged from 
550 to 600 ksi (Figure 9). The backcalculated Eac 

Table 9. Summary of deflection-basin values for Sherrard section. 
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values ranged from 40 to 1000 ksi and seem to follow 
a logical trend with surface pavement temperature 
and testing dates. 

The heterogeneity of the subgrade soil is evident 
from the Shelby tube sample results (Figure 9). 
Depending on the location of the sample in the ver­
tical soil profile (up to 24 in), it is not rare to 
find different moistures and densities and even dif­
ferent soil types corresponding to different hori­
zons. From this perspective, the backcalculated Eri 
value is probably a better characterizing parameter 
of the subgrade soil mass. 

RR Values at 8 Kips and 15 Hz Predicted FWD Values at 8 Kips" 
Pavement 
Temperature DO 

Testing Date (oF) Measurement (mils) 

5/16/78 67 Mean 20.4 
SD 2.5 
CV(%) 12.3 

7/17/78 98 Mean 22.2 
SD 1.5 
CV(%) 6.7 

11/9/78 68 Mean 13.2 
SD 0.5 
CV(%) 4.0 

9/4/79 110 Mean 19.5 
SD 0.7 
CV(%) 3.8 

10/17/79 83 Mean 16.2 
SD 0.6 
CV(%) 3.8 

a By using regression equations in Table 1. bDO(FWD) x L l 25. 

Figure 9. Summary of laboratory data for Sherrard materials. 
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21.5 0.82 0.84 21.3 18.0 1.27 1.35 24.0 
0.7 0.07 0.07 
3.4 8.1 8.9 

18.8 1.10 0.90 23.5 14.8 1.75 I.44 26.4 
0.6 0.08 0.09 
2.9 7.0 10.1 

21.7 0.8 1 0.75 12.6 18.2 l.25 1.2 1 14.2 
0.8 0.08 0.09 
3.9 10.l 12 .l 

20.5 0.91 0.85 20.2 16.8 1.42 1.36 22 .7 
0.5 0.05 0.07 
2.6 5.8 8.4 

22.3 0.74 0.80 16.2 18.9 1.13 1.29 18.2 
0.70 0.06 0.07 
3.2 8.0 8.6 
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Figure 10. Illustration of Sherrard solu· 
tions for different testing dates. 

Table 10. Backcalculated parameters for 
Sherrard section. 

Ttr, incllft 

6 10 12 14 16 

Testing Date 

5/16/78 
7/17/78 
11/9/78 
9/4/79 
10/17/79 

8 From Figure 8. 

Back calculated 
Parameters8 

Eri (ksi) 

7.5 
10.0 
13. l 
10.2 
9.3 

bFrom Table 9. 

APPLICATIONS AND LIMITATIONS OF PROPOSED METHOD 

The proposed flexible pavement evaluation method 
provides a rational yet simple procedure for back­
calculating in situ material properties based on the 
interpretation of measured deflection basins. The 
mechanistic pavement model used (ILLI-PAVE) directly 
incorporates nonlinear material model characteriza­
tions. 

Once the material properties have been backcalcu­
lated, the ILL I-PAVE model can be used to compute 
additional response parameters (stresses, strains, 
etc . ) at selected locations in the pavement struc­
ture. These additional pavement response parameters 
are input to appropriate performance models (trans­
fer functions), and proper action can then be recom­
mended (overlay thickness design). The stress-state 
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Erl, hi 

4 • • JO 12 14 

Erl, hi 

I 14 

F2 

Eac (ksi) Measuredb Predicted< Measuredb Predicted< 

450 1.27 1.24 1.35 1.31 
40 1.75 1.53 1.44 1.59 

1000 1.25 1.23 1.2! !.33 
430 1.42 1.36 1.36 1.44 
820 1.13 1.18 1.29 1.23 

cBy using the backcalculated parameters and equations In Table 4. 

change caused by a change in the pavement cross sec­
tion (overlay) is adequately accounted for by the 
stress-dependent material models. Algorithms and 
nomographs for ILLI-PAVE stress and strain computa­
tions for flexible pavements have been developed for 
"low-volume" pavements (14). Some of the limita­
tions are as follows: 

1. Current ILLI-PAVE calculations and NDT inter­
pretation are only for stress-softening (cohesive) 
subgrades. It is an easy task, however, to develop 
algorithms for granular-type (stress-stiffening) 
subgrades. 

2. The NDT algorithms presented are for a typi­
cal crushed-s tone granu l a r mate rial (Er = 
90000°· 331 of specified shear strength . Addi-
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tional algorithms can be developed for other gran­
ular materials as desired. 

3. ILLI-PAVE can accommodate only single-wheel 
loading conditions. 

SUMMARY AND CONCLUSIONS 
A method (ILLI-CALC) has been presented for the 
backcalculation of nonlinear resilient moduli from 
NDT data. ILLI-PAVE, a stress-dependent finite­
element program, was used to develop algorithms and 
nomographs for the interpretation of selected mea­
sured deflection-basin parameters. The method was 
illustrated for two different flexible pavement sec­
tions. Method validation included comparison of 
measured and predicted deflection basins and compar­
ison between backcalculated material properties and 
properties determined at the laboratory. Applica­
tions and limitations of the proposed method were 
discussed. 

The algorithms and nomographs presented in this 
paper provide a fast, reliable, and economical means 
for interpreting measured deflection basins for 
structural flexible pavement evaluation. Expensive 
and frequently unavailable computer analyses can be 
replaced by these algorithms and nomographs. 

Reasonable agreement was obtained between back­
calculated material properties and properties deter­
mined at the laboratory. Agreement was also ob­
tained between measured and predicted deflection 
basins. The backcalculated nonlinear moduli can be 
directly incorporated into the stress-dependent 
ILLI-PAVE model for overlay design. 
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Effective Moduli and Stress Dependence of Pavement 

Materials as Measured in Some Heavy-Vehicle Simulator 

Tests 
J.H. MAREE, N.J.W. VANZYL, AND C.R. FREEME 

The purpose of this paper is to describe a method for determininu field-effec­
tive moduli of pavement materials and to demonstrate stress dependence, es­
pecially of unbound materials . The effective moduli were determined from 
resilient deflections measured with a multidepth deflectometer at different 
depths within pavement structures. The results of measurements on four struc­
tures are reported. These structures cover light, unbound pavements to stronger 
inverted structures. The heavy-vehicle simulator was used to determine the 
moduli at different wheel loads and at various stages of trafficking. The 
ELSYM5 linear elastic-layered program together with the measured depth de­
flections were used in an iteration technique to determine effective moduli . 
The stress-stiffening behavior of granular materials and the stress-softening be· 
havior of subgrade materials were clearly demonstrated. The constants in the 
models normally used to describe the behavior of these materials could be de­
termined from the field results at various stages of trafficking and under chang­
ing moisture conditions. Laboratory and field values of stress-dependent moduli 
for granular materials were compared and a shift factor was determined. The 
effect of subgrade support on the effective moduli was also illustrated. 

Linear elastic-layered mechanistic models for ana­
lyzing pavement structures are currently used to 
predict pavement behavior under assumed conditions 
of traffic loading and environment (!-l.l. In these 
models, each layer is characterized by a resilient 
modulus (ER) and Poisson's ratio (vR). The 
accuracy of the input values influences the reli­
abilitv of the answers, and considerable research 
has be~n done on material characterization (!). The 
resilient properties (ER• '~'R) of p~ uernen t:. 

materials may be determined in the laboratory by 
various tests in which field stress and environmen­
tal conditions are simulated. The resilient moduli 
may also be determined from measured field deflec­
tions. For the latter technique, input moduli are 
selected so that the calculated deflection cor­
responds to the measured deflection (2,.§). Such 
moduli are termed "effective" moduli. 

In recent years, it has become evident that it is 
difficult or even impossible to predict the behavior 
of road pavements solely from laboratory test data. 
Accordingly, there has been considerable interest 
worldwide in the development of me t hods for the 
accelerated testing of full-scale road pavements. 
Equipment for accomplishing this has been developed 
in such diverse countries as the United States, 
Denmark, Australia, Germany, Japan, and South 
Africa. The South African contribution, the 
heavy-vehicle simulator (HVS) (1) developed by the 
National Institute for Transport and Road Research 
(NITRR) of the Council for Scientific and Industrial 
Research (CSIR), is perhaps the most versatile of 
the various test rigs developed to date because it 
is the only equipment that is mobile and that can be 
used on normally constructed road pavements. Mate­
rial properties to be used as inputs to mechanistic 
models can be determined from actual field measure­
ments. The purpose of this paper is to describe 
effective field moduli and the stress dependence of 
some pavement materials (granular base layers and 
typical subgrades) as measured in HVS tests. It is 
beyond the scope of this paper to describe the 
performance of the pavement structures tested. It 
will be shown that stress dependence could be impor­
tant when pavement structures are analyzed under 
varying wheel loads. 

DEPTH DEFLECTION MEASUREMENTS 

The resilient deflection on the road surface has 
been used as a n input parameter for many evaluation 
models (~) • The shape of the deflection bowl to­
gether with the peak deflection can be used to 
determine the properties of the pavement layers. At 
NITRR, a technique has been developed for determin­
iug layer properties by measuring the resilient 
deflections at various depths within the pavement 
structure. The device developed for this purpose is 
called the multidepth deflectometer (MDD) (_2_). 
Three MDDs are normally installed in an existing 
pavement structure to be tested by the HVS. A 
special technique has been developed to drill a hole 
38 mm in diameter to a depth of 2 m (2_) without 
major disturbances to pavement layers. The hole is 
lined with a thin rubber lining, which does not 
influence deflection measurements but prevents 
moisture and loose 111aterial from damaging the trans­
ducers. At the end of an HVS test, the structure is 
opened and the MDD holes are inspected for any 
abnormalities. Measurements of resilient deflec­
tions with depth are taken throughout the test under 
various wheel loads and these yield a very good 
record of the change in structural response o f the 
pavement. The MOD uses a reference point at a depth 

r "' , - - ' - - ! -- - - .!I - , - - - - - L - ~ - - .L. - , , - ~ ,: -
UL L. m, anu u~ cu ~.lA 11\UUU.LI;::~ ~all UC .LI JO L..O.L.LCU L' ' 

one hole (Figure 1). The MDD modules are normally 
placed at the interfaces of the layers. Fiqure 2 
shows typical depth-deflection curves measured by an 
MDD. The surface deflection is usually also inde­
pendently measured with a deflection beam and corre­
lates very well with the deflection measured by the 
MDD module just below the surface cap. The deflec­
tion beam has also been used to verify that the MDD 
hole does not siqnificantly influence the resilient 
deflection of the pavement structure. 

DETERMINATION OF EFFECTIVE RESILIENT MODULI 

The surface and depth deflections discussed in the 
previous section can be used to determine the effec­
tive elastic moduli of the various pavement layers 
by using linear elastic theory (2,.§.) and (according 
to G. Ahlborn of the University of California at 
Berkeley) a linear elastic-layered program such as 
ELSYM5. An iteration technique is normally fol­
lowed. The initial values of the various moduli are 
estimated and depth deflection curves similar to 
those given in Figure 2 are calculated by the pro­
gram. The calculated values are compared with the 
measured ones and the moduli are adjusted until 
measured and calculated values agree. With experi­
ence, this iteration technique converges within a 
few iterations. Initially, a modulus is assigned to 
the subgrade so that the calculated deflection 
agrees with the measured deflection on the subgrade. 
Thereafter, the moduli of the other pavement layers 
are determined. The slope of the depth deflection 
curve at any point is an indicator of the modulus of 
the material at that depth. When the measured slope 
is steeper than the calculated one, the modulus of 
the material has to be increased, and vice versa. 
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Figure 1. MOD installed in pavement structure. 

U,..,1~~~--- MOD MODULE 
(SIZE= 32 x llOmm) 

-lo-IE~I--- ANCHOR PIN 

(REFERENCE POINT 
2 m BELOW SURFACE! 

FIGURE NOT TO SCALE, ONLY TWO MODULES SHOWN, 
UI' TO SIX MODULES CAN BE INSTALLED, HOLE DIAMETER= 38 m111 

(The depth below the surface will also influence the 
value of the modulus.) The elastic modulus calcu­
lated in this way~ is called the effective modulus 
(~). 

Figure 2 shows typical deflection curves fitted 
through the mean MDD deflections under a 40-kN and a 
70-kN dual wheel. The dual wheel of the HVS was 
approximated by two circular loaded areas with 
contact stress equal to the measured contact stress 
in the field. This approximation is reasonable at 
low wheel loads but less accurate at high loads, 
because the actual contact area is of a long rec­
tangular shape at high loads. 

By determining the effective moduli of the dif­
ferent layers at various stages of trafficking, the 
behavior of the different layers can be moni tared 
throughout the test. The stress dependence of the 
various pavement materials can also be established 
by measuring deflections at different wheel loads. 
These measurements can be used to determine the 
nonlinear effective moduli. In HVS tests, the wheel 
load normally varies between 20 and 100 kN. The 
deflections are therefore measured under real or 
overloaded road conditions (equivalent axle loads of 
4 0-200 kN). 
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Figure 2. Measured and calculated depth deflections (Road P157/1). 
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The moduli determined from the depth deflections 
can be used as input values for further detailed 
mechanistic analyses of the structures tested. The 
confidence in the calculated stresses and strains 
will be higher because the models have been cali­
brated according to actual measured depth deflec­
tions. It is also possible to draw meaningful 
conclusions from the values of the determined mod­
uli. For example, a cement-stabilized subbase layer 
may exhibit an initial effective modulus higher than 
3000 MPa (3). However, in the postcracked pha se, 
the modulu~ may drop below 500 MPa. The state of 
the layer can therefore be determined from the 
measured resilient depth deflections. 

STRUCTURES TESTED BY HVS AND TYPICAL DEPTH 
DEFLECTION CURVES 

Four typical pavement structures will be considered. 
Two structures represent the light unbound pavements 
that were used for two-lane rural roads in the 
1950s. The other two structures have crushed-stone 
bases with cemented subbases (so-called inverted 
designs) and are currently used for the more impor­
tant routes and for some freeways in the Transvaal 
Province . Figures 3 and 4 show the structures a s 
well as their typical depth deflection curves. The 
material qualities are indicated by the material 
codes currently used in national pavement design 
documents (lQ..,l!.l. The key to these codes is given 
in Figure 5. As expected, the light pavements 
(Figure 3) show much greater deflections than the 
heavy pavements (Figure 4). 

Only the initial depth deflections (at the start 
of the HVS test) could be measured on the light 
pavement structures, because the MOD holes collapsed 
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during the tests. On the heavy structures, the 
deflections could be monitored throughout. 

FIELD EFFECTIVE MODULI 

Granular materials, showing stress-stiffening 
behavior, are most often described by a model that 
gives the modulus as a function of the first stress 
invariant: 

The effective elastic moduli determined from the 
measured resilient depth deflections are shown in 
Tables l and 2. The material codes for the differ­
ent pavement layers are also g iven. 

Figure 3. Li!tit pavements and their depth deflection 
cu"es. 
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Figure 4. Heavy pavements and their depth deflection 
curves. 
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Figure 5. Key to material codes and symbols. SYMBOL CODE 

GI 

MATERIAL ABBREVIATED SPECIFICATIONS 

OenH -graded unweathered crushed 1tone 
M•• t lze 37,5mm G•A : 86-88°4 ol 
apparent density G•B : 98 °4 mod. AASHTO 
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' ' ' 
' ' 
' ' ' 
' ' 

' ' ' 
G2 Graded cru1hed 1tone 01n1• - oroded stone and soil binder \ 

Mm size 37,~mm, min. 9B•.4 mod. AASHTO 

G4 

G5 

G6 

G7 

GB 

G9 

N aturol gravel 

Natural travel 

Natural gravel 

Gravel - soil 

Gravel - 1011 

Grovel- 10U 

CBR < 80 ' Pl > 6 

CBR < 45 , Pl> 10 to 15 depending on 

grading ; Max 1ize 63 mm 

CBR < 25; Ma• 1lze > 213 layer thlcknH• 

CBR ot I~ i Ma• size > 2/3 layer thicknu1 

CBR < 10 at in 1itu den1ity 

CBR < 7 at in 1flu d•n•lty 

C 3 cem.,ted nolural oravel UCS 1,5-3,0 MPa at I00°4 mad AASHTO; 
Mox size 63 mm 

C 4 Ce"*1ted natural gravel UCS 0,75-1,5 MPll at IOO% mod AASHTO; 
Mai size 63 nm 

CS Treated natural gravel Modified mainly for Atterberg limit• 

Table 1. Effective elastic moduli and stress 
states: Roads P6/1 and P123/1 (light structures). Effective Elastic Moduli Calculated Stress States 

Dual-Wheel 
Load (kN) 

Road P6/l" 

20 
40 
60 
80 

100 
Material code 

Road Pl 23/1 b 

20 
40 
60 
80 

JOO 
Material code 

Eease (MPa) E58 (MPa) 

60 2S 
60 20 
70 20 
8S 4S 
110 60 
GS G8 

40 so 
so so 
SS 6S 
70 60 
80 60 
GS G6 

EsL (MPa) 

30 
2S 
20 
lS 
lS 
G9 

60 
so 
80 
60 
70 
G8 

Esa (MPa) 

70 
6S 
60 
SS 
so 
G9 

110 
100 
90 
70 
70 
GS 

Oease (kPa) (a1 -a3}sG (kPa) 

87 
148 
183 
272 
321 

131 
238 
364 
434 
Sl9 

22 
4S 
S8 
71 
80 

23 
44 
61 
7S 
91 

Note: SB= sub base; SL= selected layer; SG = subgrade. 
8 Surfacing (multiple old brittle surfacl'! lr.t.'lnlments) wM t1.SSU111ed lo have a niodutus of 1000 MPa for all wheel lo:ids. 
bSurfacing (multiple old and recc:1nt nu Ible: surface trHl mcnts) was assumed CQ have a modulus of SOO MPa for nil wheel loads. 

where 

a1 + a2 + a31 
principal stresses, and 
laboratory-derived regression 
constants. 

By calculating the stress states in the crushed­
stone layer, the average sum of the principal 
stresses can be determined. This average can be 
compared with the effective elastic modulus in order 
to determine the constants in the above equation . 
The principal stresses were calculated at three 
depths within the crushed-stone laye r , which cor­
responded to the top, middle, and lower parts of the 
layer. These stress states were determined at the 
center of the dual-wheel load and under one of the 
wheels of the dual-wheel load. In Tables 1 and 2, 
the average calculated stress state (0) in the 
base has been included for each wheel load. The 
actual value of 6 is dependent on the wheel load, 
the pavement structure, and the way in which 6 is 
calculated. The support provided by the subbase and 
subgrade clearly influences the value of e (com­
pare Table 1, top, with Table 2, bottom). HVS 

testing and experience have shown that, of the four 
structures tested, the structure of Road Pl57/2 
(Figure 4, bottom) can carry the largest number of 
standard axles. This structure, which has a rather 
thick cemented subbase, shows the highest values of 
e. 

Cohesive materials showing stress-softening 
behavior can be described by a model that gives the 
modulus as a function of the deviator or vertical 
stress: 

(2) 

or 

(3) 

where ad is the difference in principal stresses 
(u1-u3 ) and K1 , K2 , K3 , and K4 are 
material constants (K3 and K4 describe the rate 
of change of MR with ad>· The maximum calcu­
lated deviator stress (under the center of the 
dual-wheel load) has been included in Tables 1 and 2. 

The effective moduli of the subbases and selected 
subgrade layers have also been determined; they, 
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Table 2. Effective elastic moduli and stress states: Roads P157 /1 and P157 /2. 

Repetitions of 
70- and I 00-kN 
Wheel Load 

Road P157/l" 

JO 

1x106 

l.75 x 106 

1.94 x l 06 

Material code 

Road Pl 57/2b 

JO 

U.48 x 106 

1.42 x 106 

1.70 x 106 

Material code 

Dual-Wheel 
Load (kN) 

40 
70 
40 
70 
40 
70 
40 
70 

100 

40 
70 

JOO 
40 
70 

100 
40 
70 

100 
40 
70 

JOO 

Effective Elastic Moduli 

Euase (MPa) Ese (MPa) EsL (MPa) 

200 500 80 
300 500 80 
162 230 47 
290 350 50 
178 365 37 
225 460 45 
195 180 51 
235 235 57 
263 260 71 
G2 C4 G7 

335 11 00 750 
520 1400 600 
725 1650 500 
250 900 500 
420 1400 350 
600 1300 500 
260 11 00 750 
380 950 400 
425 1100 500 
190 900 95 
230 1250 65 
275 1500 45 
GIA C3 C5/G6 

O~kmi-gap-gnded ns·plrnlt premix (30 mm) was D$S.omed to have a modulus of 4000 MPa. 
bcnp-graded aJJJhtih 1~rcmix (35 mm) was aSSUlll(d to have a modulus of 3000 MP:!.. 

too, show stress-dependent behavior. It is of 
special interest to note that the cemented subbase 
in Road Pl57/ l (Table 2 , top) has very low effective 
moduli and that the values are eventually s i milar to 
the granular base modulus. At l.94xlO' repeti­
tions, the cemented subbase acCed like a stress-de­
pendent granular layer. At the end of the test when 
the s ubbase was recovered, it was found to be fully 
cracked into small pieces, wh i ch confirmed the 
moduli measured . The cemented subbase on Road 
Pl57/ 2 (Table 2, bottom) also showed stress-stiffen­
ing behavior, although its effective modulus was 
much higher. At the end of the test this layer was 
not fully cracked. 

The selected layers of Roads P6/l and Pl57/2 
showed stress-softening behavior. No clear trends 
were established for the selected layer of Road 
Pl23/ l, and the selected layer of Road Pl57/ l showed 
stress-stiffening behavior. 

SUMMARY OF STRESS-STIFFENING BEHAVIOR OF GRANULAR 
BASE LAYERS 

Figures 6-8 show the effective resilient moduli of 
the granular base layers as functions of either the 
dual-wheel load or the sum of the calculated princi­
pal stresses. These figures show the pronounced 
stress dependence of granular base layers. 

The values of the effective moduli of the low­
quality bases f o r the light structures are very 
low. For both pavements, there seems to be a lower 
limit of 40-60 MPa and a marked increase in modulus 
for wheel loads above 60 kN. It is interesting to 
note that the actual value of the modulus of the 
base may be lower than that of the subgrade (refer 
to Table 1). The ratio of the base modulus to the 
underlying subbase modulus ranges from 3. 5 to 1. 8 
for Road P6/l and from 1.3 to 0. 8 for Road Pl23/ l. 
This ratio therefore changes from structure to 
structure and also changes with wheel load. 

The base and subbase layers in the light struc­
tures eventually showed spectacular shear failures 
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Calculated Stress States 

Esa (MPa) 

160 
160 
119 
115 
105 
105 
109 
103 
110 
GB 

230 
140 
90 
150 
115 
87 
115 
75 
72 
90 
70 
55 
G9 

264 
403 
266 
366 
247 
411 
210 
353 
490 

370 
618 
879 
370 
625 
848 
379 
592 
846 
37 l 
630 
884 

29 
46 
39 
56 
33 
55 
27 
48 
61 

32 
40 
41 
30 
39 
44 
23 
34 
43 
24 
31 
33 

in the HVS tests, which indicated that the shear 
stresses and strains in these layers were high and 
that near-failure conditions existed at the time of 
the measurements. The low moduli can therefore also 
be attributed to the unfavorable stress states. 

The heavy structures, with better-quality bases 
(Roads Pl57/ l and Pl57/2), show typical stress-de­
pendent behavior (Figures 7 and 8) . Very neat 
straight-line relationships on log-log sc<>.les were 
determined. In these tests the influence of repeti­
tions and environmental changes was also investi­
gated. The value of the modulus decreased through­
out the test, although no apparent physical changes 
(e.g., degradation) took place . A gradual decrease 
in soil suction due to the repeated loading of the 
HVS could explain this behavior. In the final 
stages, when the bases became wet, the modulus 
showed a further dec rease and also became less 
stress dependent (the slope o f the line decreased). 
In the te-st on Road Pl57/ 2 (Figure 8) the moisture 
caused a greater change in the modulus than the 
repetitions of the wheel load. 

Figures 7 and 8 also show the moduli as measured 
in repeated-load triaxial tests done at constant 
confining pressures. The laboratory tests com­
pletely overestimated the actual value of the mod­
ulus. The slope of the line (K2) determined in 
the laboratory was reasonably close to the field-de­
termined slope, but the pos ition of the line 
(abscissa K1) was much lower in the field. The 
difference between laboratory and field moduli could 
be attributed to a difference in stress states, a 
Poisson's-ratio effect, or a difference in soil 
suction. The laboratory constants were determined 
in constant confining pressure triaxial tests, which 
do not accurately simulate true field conditions. 
The way in which a was calculated (see previous 
section) may overestimate the value of a, which 
could also lead to the observed difference. A 
constant value of O. 35 was assumed for Poisson's 
ratio; this ratio is actually also stress dependent 
and could also change during the test. Laboratory 
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tests have shown C!l that the soil suction in the 
unsoaked condition primarily influences Ki. The 
soil suction in the laboratory may have been higher 
than the suction in the field during the dry part of 
the HVS test, which led to the overestimation of the 
modulus in the laboratory. 

Tests with the road rater (ll.l that used low 
dynamic loads ( 2-7 kN) have yielded different re­
sults in that the laboratory moduli appeared to be 
too low. According to this study Cll.l, the field 
modulus would decrease with increase in shear 
strain. It appears that at higher wheel loads (high 
shear strain) the laboratory measurements overesti-

Figure 6. Stress dependence 
of granular-base resilient 
modulus as measured in 
HVS test on Roads P6/1 
and P123/1. 

Figure 7. Stress dependence 
of granular-base resilient 
modulus as measured In 
HVS test on Road P157/1 . 
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mate field moduli, although no clear trends could be 
established from Figures 7 and 8. Table 3 shows the 
field-determined constants in MR K 1 eK2. 
It can be concluded that the trends measured in the 
laboratory will probably hold in the field but that 
a shift factor of 0.3-0.5 is necessary to predict 
field moduli. The laboratory modulus should be 
multiplied by this shift factor. In the dry cond i­
t ion, K2 is of the order of 0.9-1.0 for both 
pavements and K1 of the order of 0. 5-2.0. In the 
wet state, K2 dropped to a value of 0. 3-0. 4 and 
Ki increased to a value of 15.0-27.0. 

The ratio of the base modulus to the subbase 
modulus ranges from 0.4 to 1.1 for Road Pl57/l and 
from 0.2 to 0.5 for Road Pl57/2. Apparently, the 
ratio is always less than 1. 0 for structures with 
cemented subbases unless the subbase is completely 
cracked. For Road Pl57/2 the ratio is always less 
than 0.5. 

SUMMARY OF STRESS-SOFTENING BEHAVIOR OF SUBGRADE 
MATERIAL 

Figures 9-11 show the effective resilient moduli of 
the subgrades as functions of either the dual-wheel 
load or the calculated deviator stress on the sub­
grade. In most cases there is a decrease in the 
modulus as the wheel load or the deviator stress on 
the subgrade increases • 

The subgrades of the light structures are clearly 
stress dependent and stress softening, but the 
actual change in the modulus is not very large 
(Figure 9). For Road P6/l a change in wheel load 
from 20 kN to 100 kN causes a change in subgrade 
modulus of less than 30 percent. For Road Pl23/l 
the change is less than 40 percent. These changes 
are smaller than the changes in the base modulus • 
However, because the subgrade is a much thicker 
layer, the effect of these changes on the total 
deflection is probably just as pronounced as the 
effect of the stress stiffening of the base. The 
cohesive material model [MR = f (deviator stress)] 
has been applied to slightly idealized lines put 
through the calculated values in Figure 9. The 
regression constants thus determined by using Equa-

Figure 8. Stress dependence 
of granular-base resilient 
modulus as measured in 
HVS test on Road P157/2. 
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tion 2 or 3 are shown below (MR in MPa; ad in 
kPa): 

Road 
P6/l 
Pl23/l 

Regression Constants 
Kl (MPa) K2 (kPa) 
65 45 
70 75 

K3 
+0.24 
+0.94 

K4 
-0.43 

0 

stress depen­
Normally the 

as in the 

The subgrade of Road P6/l became more 
dent at deviator stresses above K2. 
slope K4 is less than the slope K3, 
case of Road Pl23/l. The K1-values are very 
similar !ut Liit! Lwo roads. 

The subgrade for Road Pl57/ l showed very little 
stress dependence (Figure 10). At high loads this 
subgrade even exhibited slightly stress-stiffening 
behavior, but this could be attributed to the gran­
ular nature of the subgrade at this site. The value 
of the modulus changed from 160 MPa to 103 MPa 
during the test. Table 4 shows the regression 
constants determined at the end of the test. The 
effective modulus of the subgrade for Road Pl57/ 2 
showed typical stress-softening behavior when com­
pared with the dual-wheel load (Figure 11). How­
ever, the calculated deviator stress on the subgrade 
in this complex pavement structure does not neces­
sarily reflect the wheel load, and when the modulus 
is compared to the calculated deviator str ess, a 
somewhat different relationship emerges (Figure 
11). The regression constants are shown in Table 
4. As in the case of Road Pl57/ l, the modulus (and 
Kil decreased during the test . The value of Ki 
dropped from 140 MPa ini tially to 55 MPa at the 

Table 3. Field-determined constants in MR = K111K2. 

Regression Constants• 

Road No. of Repetitions K1 K2 

P157/1 10 I.I 0.93 
I 940 000 (wet) 27.0 0.32 

P157/2 10 1.8 0.89 
480 000 0.6 1.02 
I 700 000 (wet) 15.0 0.43 

8 M R in MPs, 8 in kPa . 

Figure 9. Stress dependence of subgrade resilient modulus as measured in 
HVS test on Roads P6/1 and P123/1 . 
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end. The moisture conditions play an important role 
and may override the stress conditions. Toward the 
e nd of the t e st and under wet conditions, the su b­
g rade behaved in the typical stress-softening way. 
The regression constants determined at l.42xl0 6 

repetitions could be typical wet values. 

DISCUSSION OF RESULTS 

The South African mechanist i c design method (].) 
includes tabulated input moduli of typical road 
pavement materials. These values correspond to the 
F>timnarn l~g11l nuail-whaal load of 40 kN, The pre­
vious paragraphs have shown that effective moduli 
are very dependent on the applied wheel loads. The 

Figure 10. Stress dependence of subgrade resilient modulus as measured in 
HVS test on Road P157/1. 
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Figure 11. Stress dependence of subgrade resilient modulus as measured in 
HVS test on Road P157 /2. 
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Table 4. Field-determined constants in Equation 2 or 3 for 
stress-dependent subgrades in Roads P157 /1 and P157 /2. 

Road 

Moisture 
Conditions 
in Subgrade 

No. of 
Repetitions 

Regression Constants• 

Ki (MPa) K2 (kPa) K3 K4 

Pl 57 /I 

Pl57/2 

Normal 
In situ 
Normal 
In situ 
Wet 

10 
1.94 x 106 

10 
0.48 x 106 

1.42 x 106 

I. 7 x 106 

160 
103 
140 
115 
75 

48 +0.21 +0.60 
40 +11.2 -43.8 
39 +4.0 -5.2 
34 +3.5 -0.29 

mechanistic design method (]) is often applied to 
other situations such as the design of airport 
pavements or the design of railway track and founda­
tion structures. Enough evidence has been obtained 
to suggest that the mechanistic method should be 
applied with care and that the values of the input 
moduli should be adjusted according to the stress 
conditions. 

The field data of the stress dependence of un­
bound pavement materials once again confirm the 
importance of a nonlinear approach to the analysis 
of pavement structures containing such materials. 

SUMMARY AND CONCLUSIONS 

A method for determining the effective moduli of 
different pavement layers has been presented. The 
method was found to be practical and of great value 
in interpreting the state of the pavement layers. 
The multidepth deflectometer functioned well and 
provided reliable measurements of deflection with 
depth. 

The effective moduli of granular layers, cemented 
subbase layers, and also subgrade soils have been 
determined for materials from very light old struc­
tures as well as materials from structures currently 
used by the Transvaal Provincial Administration. On 
the heavy structures, the effective moduli could be 
determined throughout an HVS test, and a very good 
record of the change in structural response of the 
pavement could be obtained. 

The stress-dependent . behavior of the different 
pavement materials has been demonstrated very 
clearly from field data. Granular materials behave 
in a stress-stiffening way, and most subgrade soils 
show stress-softening behavior. The stress-depen­
dent models for granular and cohesive materials 
could be applied to the effective moduli, especially 
to the moduli of the unbound crushed-stone bases. 
The regression constants could be determined for 
different mo isture conditions and at various stages 
of traffick ing . · 

Environmental factors such as moisture have an 
important influence and can change the basic be­
havior of the material. The moisture conditions 
could be as important as the stress states. The 
regression constants in the stress-dependent models 
are very dependent on the moisture conditions. 

Laboratory constant confining-pressure triaxial 
tests overestimate the modulus of the crushed-stone 
bases, and a shift factor of O. 3-0. 5 needs to be 
applied. Although there is a difference in the 
actual values, the trends apparent in the laboratory 
were also apparent in the field. The deviator 
stresses (or the shear strains) in the field could 
contribute toward the observed differences. The 
actual wheel load could therefore influence the 
shift factor. 

The modulus of the base depends on the modulus of 
the underlying subbase, and for the light structures 
with unbound subbases, ratios of 0.8-3.5 have been 
determined. This ratio depends on the pavement 
structure and also on the wheel load. In pavements 
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with cemented subbases, the ratio is always less 
than LO unless the cemented subbase is completely 
cracked. In some cases the ratio may be as low as 
0. 2. The stress states in the base layers of these 
inverted designs are more favorable (higher values 
of el and the resulting effective moduli are 
higher. 

The stress dependence of the subgrade moduli is 
generally less than that of the base, but the effect 
on the total deflection is probably just as pro­
nounced. Not all subgrades exhibit stress-softening 
behavior. 

Where the mechanistic design method is applied to 
other pavement structures such as airport pavements, 
the effective resilient moduli should be adjusted to 
correspond to the stress conditions. 
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Sulphlex Pavement Performance Evaluations from 
Laboratory Tests 
JAMES A. SHERWOOD AND WILLIAM J. KENIS 

New types of energy-saving materials are being developed for use in test sec­
tions within the U.S. road network. One of these materials, Sulphlex, has 
recently received a great deal of attention and is being developed as an al­
ternative binder to asphalt and portland cement. Mechanical tests were con­
ducted on >pecimens of asphalt concrete and Sulphlex 233 mixes. The me­
chanical tests conducted are those necessary to provide the material 
characterizations for input to the VESYS structural subsystem. The long­
term predicted behavior of Sulphlex pavements was compared with that of 
conventional asphalt pavements for five different structural designs, on two 
different subgrades, and for three levels of temperature . A set of design 
criteria was selected to allow an analysis of the performance of each pave­
ment. 

In order to reduce the risk of unsatisfactory pave­
ment performance to an acceptable level, engineers 
must be able to reliably predict pavement behavior 
over time. Current methods for predicting such 
behavior for different types of pavements, environ­
ments, and traffic loads are limited to what are 
known today as rational or, more precisely, mecha­
nistic design procedures. The Federal Highway 
Administration (FHWA) has developed one such proce­
dure called the VESYS structural subsystem, which 
predicts the pavement's behavior over time based on 
the mechanical properties of the la~1er materials, 
the anticipated traffic loads, and the local envi­
ronmental conditions. Mechanistic design procedures 
are so called because they are in fact developed 
from the laws of mechanics in which the prescribed 
actions of forces on bodies of material elements are 
related to the resulting stress, strain, deforma­
tion, and failure of the total pavement structure. 
The properties of the material elements are deter­
mined by subjecting specimens of a given material to 
a series of laboratory load tests and applying the 
laws of mechanics for the prescribed geometry and 
environmental conditions. There are both advantages 
and disadvantages associated with mechanistic-type 
procedures. One of the most important advantages is 
that such procedures permit the use of completely 
new materials and/or new types of pavement struc­
tures. 

Today, many new types of energy-saving materials 
are being developed, and test sections are being 
placed within the u.s. road network. For instance, 
improved technology and the energy crisis have 
provided the impetus for new binders, some of which 
are asphalts modified with sulfur (1) and other 
chemicals to improve their durability and perfor-

mance. Polymer portland cement concretes (£) and 
concretes that use super water-reducing agents (3) 
are also being produced with properties quite dif­
ferent from those of conventional paving types. 
Recycled pavements conserve materials and, depending 
on the types, the quantity and quality of additives 
can be expected to perform as well as high-quality 
conventionally designed mixtures (~,2) . Sulphlex 
(plasticized sulfur) is another new material that 
might be made to behave similarly to asphalt or 
portland cement concrete (&_,ll • 

The purpose of this paper is to evaluate the 
results of a limited number of laboratory tests 
conducted by FHWA on Sulphlex and asphalt paving 
mixtures and to predict the performance of selected 
structural sections under simulated real-world 
conditions. 

SULPHLEX AS BINDER AND MIX 

The primary objectives of an initial FHWA study with 
Southwest Research Institute were to develop a 
system to mOdify sulfur so that it would serve as a 
binder replacement for asphalt and portland cement 
and to prepare mixtures of the developed binder with 
aggregates and measure their properties (6). To be 
used as a pavement binder, sulfur must b-; modified 
to exhibit more plastic characteristics. When 
elemental sulfur is heated to above its transition 
temperature of about 320°F and rapidly quenched at 
68°F, it exhibits a plastic characteristic; hence, 
it may be called plasticized sulfur. If the mate­
rial is allowed to return to room temperature, it 
quickly hardens and brittle sulfur crystals are 
formed; such a physical change does not lend itself 
to practical application in the preparation of 
binders for highway paving. The intent in this 
study was the conversion of sulfur to a plastic 
through a chemical reaction, a mechanical change, or 
a combination of these so that the resulting mate­
rial at room temperature might have viscosity, 
penetration, and other characteristics similar to 
those of asphalt. During the course of the study, 
more than 450 different formulations were prepared 
by using combinations of 80 different modifiers. The 
most promising binders were selected to be evaluated 
for their behavior when mixed with a select aggre­
gate. The results of laboratory tests conducted on 
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Table 1. Mix properties. 

AC-20(wt.%) Sulphlex 233 (wt.%) 

Mix Property 6.4 6 10.3 6 9 

Air voids ( % ) 3.1 4.0 3.0 11.0 5.0 
Stability (lb) 2600 2625 1850 1375 1880 
Flow (0.01 in) 12.0 10.0 15.0 9.5 12.0 
Voids in mineral aggregate 17.0 17.l 18.6 20.0 19.1 

(VMA)(%) 
VMA filled (%) 83.5 77.5 84.0 42.5 72.5 

both the Sulphlex binders and their mixes have been 
given elsewhere (_§), 

Further investigations of the behavior of Sul­
phlex 233 (a binder possessing intermediate prop­
erties) were undertaken by the Materials Division of 
FHWA's Office of Research (lJ. The objectives of 
this study were as follows: 

1. To develop mixture design methods and estab-
1 ish mix design criteria for flexible Sulphlex 
paving mixtures and 

2, To examine the chemical properties and behav­
ior of Sulphlex binders that affect the engineering 
performance of the binders and their safe use in 
construction. 

Work continued at FHWA through the efforts of the 
Pavement Systems Group of the Structures and Applied 
Mechanics Division. This effort is discussed in 
detail in this paper with the objective of predict­
ing the in-service behavior of Sulphlex as compared 
with that of asphalt concrete pavement sections. 

MATERIAL PROPERTIES 

In order to determine the feasibility of using 
Sulphlex as a paving material, it is necessary that 
two different series of laboratory tests be con­
ducted. The first series are those tests dealing 
with mix design, and the second series are those 
dealing with the mechanical properties used to 
predict the integrity of the materials when sub­
jected to traffic loads in pavement structures. 
Each series, as applied to Sulphlex 233 mixes and 
AC-20 mixes, is discussed below . 

Mix Des ign Tests 

Two mix design methods were used to evaluate Sul­
phlex 233 mixes: the Marshall test (AASHTO T245) 
and the immersion-compression test (AASHTO Tl65) • 
The aggregate used was a 3/ 8-in top-size trap roc k 
(diabase) from Chantilly, Virginia, that had the 
gradation and other characteristics given by Leutz 
and Harrigan (}). The temperature-v iscosity curves 
for Sulphlex 233 and AC-20 have also been given by 
Leutz and Harrigan (}). The Marshall test results 
<l> are summarized below: 

Marshall Criterion 
Maximum density 

Op timum Weight Percent 
AC-20 Sulphlex 233 
6. 9 11. 4 

Maximum stability 6.3 10.0 
4 percent air voids 6.1 9.6 
Avg 6.4 10.3 

The mix properties at the optimum binder contents 
for the Marshall criteria and at the binder contents 
used for the test series are given in Table 1. 

Results of the immersion-compression test series 
given elsewhere (}) suggested that the 9 percent by 
weight Sulphlex mix would require an antistripping 
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agent. All Sulphlex mix specimens tested contained 
1 percent hydrated lime as the antistripping agent. 

The series of tests discussed above suggest that 
Sulphlex might be a practical paving material, based 
on stability and durability, provided an antistrip­
ping agent is used. 

Mechanical Tests 

The series of tests discussed here were performed 
specifically to provide input to the VESYS struc­
tural design subsystem. In VESYS three basic mechan­
ical properties are required (!!) : 

1. Relaxation (elastic) modulus or creep compli­
ance: the elastic or viscoelastic parameters neces­
sary for solutions to problems of stress-strain or 
deflection boundary values in a layered pavement 
system, 

2. Fatigue properties: the coefficient and 
exponent of the fatigue equation for use in Miner's 
law to predict the occurrence of fatigue cracking in 
a layered pavement system, and 

3. Permanent deformation properties: coefficient 
and exponent of the permanent deformation equation 
for use in the accumulative permanent deformation 
law to predict rutting of a layered pavement system. 

Beam and cylindrical specimens were prepared in 
accordance with procedures defined in ASTM D3202 and 
ASTM D3496, respectively. The levels of Sulphlex 
binder evaluated were on an equal weight and volume 
basis by using 6 weight percent AC-20 as a control 
in comparison with 6 and 9 weight percent Sulphlex 
233 . 

The beam specimens as molded were sawed in half, 
which yielded specimens approximately 1. 70 in deep, 
3.25 in wide, and 15 in long. A total of 54 beam 
specimens were available for test. 

Preliminary testing, on trial 4x8-in cylinders 
without caps, showed that the strains on opposite 
sides were nearly the same. For this reason, the 
cylindrical specimens were tested as received, i.e., 
without capping. A total of 27 cylindrical speci­
mens were available for testing. 

Equipment 

Equipment for testing beams in fatigue and cylindri­
cal specimens for modulus and permanent deformation 
properties is described. The equipment developed 
for fatigue testing consisted of a non-servo-air 
arrangement capable of testing up to six beam fa­
tigue specimens at one time. Six Bellofram arrange­
ments were fabricated on a steel channel in a tem­
perature-controlled chamber, Based on the work of 
Barksdale (_2_), five 1-in thick pieces of 50-duro­
meter rubber (20 in long by 4 in wide) glued to­
gether and simply supported over a 10-in span pro­
vided an elastic foundation for each specimen (the 
modulus of reaction for this system was 448 pci at 
70°F when loaded with a 1.25-in-diameter steel 
disk) • The rubber was used to minimize permanent 
strains to simulate resilient responses associated 
in fatigue-type failures. Load was applied to a 
specimen that rested on the rubber at midspan 
through a 3xl.25-in steel bar. Load frequency in 
the form of square-wave pulses was controlled by an 
electronic pulsing circuit that operated a four-way 
solenoid valve for applying and releasing pressure 
(10). Figure 1 shows the FHWA multiple fatigue­
testing system developed for this study. Dynamic 
strains in the lower fibers of the beams were mea­
sured by a 2-in active strain gage glued to the side 
of the beam at the center and near the bottom. A 
three-dummy bridge arrangement completed the cir-



62 

cuit, and strains were recorded on oscillographs. 
The equipment used to test cylindrical specimens 

was a servohydraulic system contained in a tempera­
ture-controlled cabinet. Measurements of vertical 
strain were made by two linear variable differential 
transformers (LVDTs) on opposite sides of the speci­
mens. Vertical strain from each LVDT plus the load 
wer e recorded on oscillographs. Load was applied by 
a steel disk 4 in in diameter through a ball-bearing 
interface. Figure 2 is a photograph of the system 
to test cylinders by static and dynamic compressive 
loads at various temperatures. 

Te st Procedures 

The beam and cylindrical specimens were tested at 
three temperatures: 40, 75, and 90°F. In the 
fatigue tests, different levels of constant dynamic 
load were applied to the beams so as to induce 
different peak-to-peak underside tensile strains. 
In this manner, various fatigue lives could be 
attained. Load duration was set at 0.1 s with a 
O. 9-s rest period. The beam specimens were placed 
on the rubber with strain gage attached and allowed 
to reach test temperature. 

Cylinders were brought to test temperature with 
LVDTs mounted. Typically, three 5-min creep tests 
were run at the specified load to condition the 

Figure 1. FHWA multiple fatigue-testing apparatus. 

Figure 3. Typical loading for testing cylindrical specimens. 
32 

30 

25 

20 

al .3 15 

Transportation Research Record 852 

specimen. Then a 1000-s creep test was run, which 
served as a basis for the creep compliances pre­
sented in this report. In the creep tests the load 
was applied in a quick ramp fashion, with full load 
in O.Ol s. On rebound of the 1000-s creep test, the 
repeated-load tests were conducted, usually for at 
least 100 000 cycles. Haversine load pulses were 
applied once per second with a duration of 0.1 s. A 
2-psi preload was used throughout all tests to keep 
the load disk and specimen in contact. Figure 3 
shows a typical load history used to test cylindri­
cal specimens. The cylinders were tested at 10, 20, 
30, and 50 psi load levels, depending on temper ature. 

Laboratory Test Results 

In the beam fatigue tests, dynamic and permanent 
tensile strains near the bottom were recorded versus 
the number of repetitions to failure. Compressive 
strains with time were measured in the sustained­
load tests on cylindrical specimens. In the re­
peated-load tests on cylindrical specimens, the 

Figure 2. Equipment for compression testing of cylinders. 

0 300 1 300 1600 2600 2900 3900 4900 5900 

Time (seconds) 
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dynamic and permanent compressive strains were 
recorded versus load repetitions. 

Fatigue Properties of Beams 

The peak-to-peak or dynamic strain (e) for each 
specimen was measured at the 2000th repetition, 
since this was typically the minimum value that 
lasted until the failure stage. This value for each 
beam was plotted versus the number of loads to 
failure (the only exception was whether the beam was 
in the failure stage prior to 2000 repetitions, in 
which case the minimum strain was plotted). The 
results of the fatigue tests are shown in Figures 
4-6. There is a clear separat ion between the Sul­
phlex and asphalt fatigue lives at each temperature. 
The fatigue coefficient Ki and exponent K2 
representing each curve are given in Table 2. 
Definition of the fatigue equation is given as 
follows: 

(J) 

where 
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number of cycles to failure, 
peak-to-peak dynamic strain experienced 
at underside of beam, 
absolute value of inverse of slope of 
fatigue line, 

K2 
N

0
e

0 
and 

number of repetitions and strain at 
the vertical reference axis. 

Note that at a given strain level , the asphalt 
mix possesses the greatest resistance to f atigue, 
whereas the 6 percent Sulphlex possesses the least. 
Conclusions regarding field fatigue behavior should 
not be drawn from these determinations, since the 
interactions of layer moduli and thickness play an 
important role in the design process. 

Figure 4. Fatigue tests at 40° F. 10.000 .-------.-------..-------.-------.--------, 

i!1 6% Sulphlex 
£ 9% Sulphlex 
0 6% Asphalt 

ioL-------"-------'--------'--------'-------~ 
102 103 104 105 106 107 
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Figure 5. Fatigue tests at 75° F. 10.000 ..---- -----,....-------,-------,-------,--------, 
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Creep Properties of Cylinders 

Creep compliance is defined as follows: 

D(t) = e(t)/o (2) 

where 
stress 
strain. 

a is the 
and e (t) 
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applied sustained compressive 
is the resulting time-dependent 

Creep compliance curves are given in Figures 7-9 
for each mix at the three different temperatures. 

Figure 6. Fatigue tests at 90° F. 10,000.--- --- - ..,----- - - -...,..--------r--- -----.,.--------, 

!. 6'M> SUJphJox 
9% S..Jphlex 
6% Mphall 

10 1.--------'---------'--------'---------'---------' 
10• 

Table 2. Surface materials characterization. 

Binder 

6 percent Sulphlex 

9 percent Sulphlex 

6 percent asphalt 

Figure 7. Creep compliance, 6 percent Sulphlex. 1000 
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Figure 8. Creep compliance, 9 percent Sulphlex. 
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x 
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figure 9. Creep compliance, 6 percent asphalt. 1000 .------.--------,r------- .--------.r--------, 

·' .01 . I 

At all temperatures, the mixes are dependent on 
loading time. In general, the asphalt mix at a 
given temperature has higher creep compliances 
(lower moduli) at low loading times . In physical 
terms, this would mean that under moving traffic, 
Sulphlex would be the more desirable paving mate­
rial, i.e., it would have the higher modulus. 
However, under stationary traffic, Sulphlex would 
exhibit continued creep and may not be so desirable. 
There is very little difference between the creep 
curves for 6 percent and 9 percent Sulphlex. 

Modulus Properties 

Three different measures of this property are re­
ported: 

~ 
x . 90' 

0 · 75' 

40 ' 

10 100 1000 

Time-Seconds 

1E* 1 =magnitude of the complex modulus 
(dynamic modulus) measured at the 200th 
repetition in the permanent deformation 
tests, 

E(0.03) a relaxation modulus taken as the inverse 
of the creep compliance measured at 0.03 
s of the creep compliance curve, and 

Mr = resilient modulus as obtained by 
using the Schmidt device for 0.1-s 
loading time (ll· 

The resilient modulus was obtained from an FHWA 
report (£). Averages for 1E* I and Mr are 
given in Figure 10 for each mix, from which it is 
clear that the Sulpblex mixes exhibit predominantly 
higher modulus values than the asphalt mixes at all 
temperatures. The Mr tests (Schmidt) yielded 
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moduli for 6 percent Sulphlex just slightly greater 
than those for 9 percent Sulphlex; however, the 
dynamic tests yielded significantly higher moduli 
for 9 percent Sulphlex at the lower temperatures. 

The relaxation and dynamic moduli were determined 
on specimens aged up to 35 days, whereas the Mr 
tests were run on specimens aged up to 75 days; thus 
no significant aging s usceptibility is evident. 
Figure 10 depicts significant temperature suscepti­
bility (9 percent Sulphlex exhibits the greatest). 

Permanent Deformation Properties 

Based on the assumed linear relat1onship between tht! 
permanent strain per pulse (e ) and the number of 
load repetit i ons (N) on a log-~og plot, the follow­
ing equation may be stated: 

Figure 10. Effect uf temperature on modulus. 5 4 
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where 

e = dynamic strain measured at the 200th 
repetition, 

a 1 - slope(s), and 
µ (Is/e), where I is the permanent strain 

(3) 

after the first repetition (intercept on log­
log plot). 

To determine the permanent deformation properties 
ALPHA (a) and GNU (µ) for the three mixes, 
repeated-load tests were conducted at eeven combina­
tions of temperature and stress: 40°F (30 and 50 
psi); 75°F (10, 20, and 30 psi); and 90°F (10 and 30 
psi) • 
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0 6% Sulphlex 
0 6% Asphalt 
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Figure 11. Permanent deformation tests at40° F. 10-3 ~-----~------..----------.-------..--------,.----. 
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Straight lines on log-log paper of accumulated 
strain versus N were fitted to the data to define 
the slope and the intercept. Dynamic strains were 
measured at the 200th repetition. These numbers 
were used to calculate GNU and ALPHA in accordance 
with Eq uation 3. The permanent deformation prop­
erties reported in Table 2 for each binder at the 
three temperatures are averages of those found at 
the stress levels tested. These average values were 
used to plot accumulated strain versus N as shown in 
Figures 11-13. The dynamic strains (e) used to 
define these lines were computed for each binder and 
temperature by using the moduli reported in Table 2 
and a stress level of 30 psi. 

Six percent Sulphlex experienced the least perma­
nent strain at all temperatures. At 40°F, 6 percent 
Sulphlex showed no permanent strain before 10 000 
repetitions. Sudden periodic increments of accumu­
lated deformation that took place after 10 000 
repetit i ons could pos s ibly be attributed to slippage 
within t he mix instead of plastic flow . Thus, no 
line is s hown i n Figure 10 (dynamic tes ts at 40°F) 
for 6 percent Sulphlex. 

67 

VESYS DESIGN FACTORIAL 

The VESYS III-A structural subsystem was used as an 
analysis method to predict the performance of the 
three mixesi the properties were tested at the three 
temperatures given in Table 2. Five structural 
designs, given in Table 3, were analyzed on a weak 
and a strong subgrade. The properties of the three 
base courses are representative of crushed-stone, 
cement-treated, and cement-concrete materials. The 
weak subgrade represents clay at 23 percent moisture 
content (5 ksi) , and the strong subgrade represents 
the same clay at 16 percent moisture (45 ksi). The 
total factorial consisted of 90 separate analyses. 
The subgrade properties, load magnitude, traffic 
rate, and all other data input to the analysis were 
the same as for the design example in Chapter 6 of 
the VESYS User 's Manual (8). 

To e valuate the damage predictions, des ign er i­
teria over eight years of service (6. 6 million 
axles) were set as follows: 

1. Maintain the fatigue damage index below 1 and 
2. Maintain rut depth less than 0.60 in. 

Figure 12. Permanent deformation tests at 75° F.. 10·
3 ~-----~------~-------.-------.--------. 
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Figure 13. Permanent deformation tests at 90° F. 
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Table 3. Pavement structures for VESYS design 
Structural Design factorial. Pavement 

Property 2 3 4 

Surface thickness (in) 6 3.5 6 3.5 2 
Base thickness (in) 8 18 8 18 12 
Base modulus (ksi) 59 59 350 350 1000 
Base GNU 0.055 0.055 0 0 0 
Base ALPHA 0.73 0.73 1 I I 

Table 4. Evaluation of VESYS design factorial. 
Stn1cturnl 1)-.ign' 

2 3 4 
Design 

Binder Criterion w s w s w s w s w s 

6 percent asphalt Fatigue * 
Rutting * * 

9 percen I Sulphlex Fnligue 
Rutting • 

6 percent Sulphlex Fatigue .. 
Rutting * .. 

8 W = weak subgrade; S =strong subgrade. •=satisfies criterion;- = does not meet criterion. 

The acceptable desi9ns based on these criteria are 
indicated in Table 4. A particular desi9n was 
considered unacceptable if it did not meet the 
criteria at all temperatures. All pavement designs 
evaluated with a 6 percent asphalt concrete surface 
course satisfy the fatigue-cracking criterion (it 
should also be mentioned that these same pavement 
designs meet this cr iterion for 19 years and 20.5 
million axles). Design s 1, 2, and 3, however, do 
not satisfy rutting on the weak subgrade. 

The 9 percent Sulphlex des i gns 3, 4, and 5 sat­
isfy the fatigue criterion; however, design 3 
experiences excessive tu t. t ing on the wet :;ubgrade. 
The 9 percent Sulphlex designs l and 2 satisfy 
rutting on the strong subgrade but do not meet the 
fatigue criterion. 

All 6 percent Sulphlex designs satisfy the rut­
ting criterion; however, only design 5 reduces 
tensile strains in the surface layer sufficiently to 
maintain the damage index below 1. At high tempera­
tures on the weak subgrade for design 5, the sur­
faces are always in compression and the tensile 
stress at the bottom of the base is only 83 psi, 
thus eliminating fatigue. 

An economic evaluation would be required to 
determine the best alternative design. This would 
involve comparing the total cost of the acceptable 
pavements. As an example, a maintenance policy 
could be adopted to smooth surfaces and to apply a 
thin overlay to pavement design 2 (3.5-in surface). 
Such a maintenance policy would restore ride quality 
and still meet the fatigue-cracking criterion. 

CONCLUSIONS 
The goal of this research is to provide guidance on 
Sulphlex pavement design for preliminary construc­
t ion experiments. In conclusion, 6 percent Sulphlex 
exhibited the best rutting performance but had the 
least resistance to fatigue cracking, and 9 percent 
Sulphlex was simi lar to asphalt-concrete rutting but 
had worse fatigue performance. Because the fatigue 
criterion for the Sulphlex sample pavements analyzed 
was seldom satisfied, it is recommended that pave­
ment design minimize tensile strains in this mate­
rial by using thin surfaces over a stiff base 
course. The sample design procedure presented could 
serve as a basis on which the state could conduct 
their own analyses for local materials, traffic, and 
environment. Each designer should generate feasible 
alternatives and select the most desirable one by 

predicting distress and evaluating the economic 
impacts of construction plus maintenance. 
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