Resilient Modulus of Laboratory and Field
Compacted Cohesive Soils
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Abstract

Resilient modulus tests were performed on five cohesive soils sampled from in—service
subgrades and three cohesive soils compacted in the laboratory. It was concluded that
in—service resilient modulus can not be estimated from the resilient modulus of laboratory
specimen compacted at same water content and dry density as in—service condition. The
stress at 1 percent axial strain in unconfined compression test (S, ;) was found as a good
indicator of the resilient modulus (Mg), and the unique relationship between Mg and S,
was obtained. This relationship for the laboratory compacted soil is slightly different from
that for the field compacted soil and the difference is less pronounced at the confining
stress level expected to exist in subgrade. A proposed relationship itself is not affected by
the changes in subgrade after construction and, therefore, it is applicable to as —compacted
and in—service subgrade conditicns.
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1. Introduction

Extensive cracking of asphaltic pavement results from excessive plastic and elastic
deflections. The primary cause of fatigue failure has been attributed to repeated stress
applications over a long period of time. Since a significant part of transient deflection of
pavement system results from the compression of subgrade, the resilient modulus of
subgrade is an important characteristic of the multi —layer pavement system. The 1986
AASHTO guide for the design of pavement structures introduced the resilient modulus as
a definitive material property to characterize roadbed soil. Although the incorporation of
resilient modulus represents a significant advance in pavement design practice, most high-
way agencies do not have experience with this test.

Empirical correlations for resilient modulus have been proposed by many researchers
{Heuklelom and Klomp, 1962 ; Fredlund et al., 1977 ; Jones and Witczak, 1977 . Robnett
and Thompson, 1976 Thompson and Robnett, 1979; The Asphalt Institute, 1982 ; Powell
et al, 1984 . Carmichael and Stuart, 1985. Brown, 1990 . Drumm et al, 1990 Farrar and
Turner, 1991). Most of these correlations were developed from the test results of labora-
tory compacted specimens and include the properties, such as water content and dry den-
sity or the degree of saturation. Since the compaction curves and the lines of optimum of
field compaction are often different from those of laboratory compaction(Waterways Exper-
imental Station, 1949 ; Johnson and Sallberg, 1960, 1962 ; Wahls et al., 1966) and since the
moisture condition of subgrade changes with time after construction, a use of these
correlations may cause a significant error in estimated resilient modulus. Correlations
based on CBR (Heuklelom and Klomp, 1962 ; Powell et al., 1984 ; Brown, 1990) or R—
value (Farrar and Turner, 1991 ; The Asphalt Institute, 1982) have been used extensively
in practice. These correlations show a significant scatter in data and are considered reason-
able only within a certain range of CBR or R —value. Most correlations proposed pre-
viously do not consider the level of stress and the resilient modulus is estimated as a
single value for a given soil.

The purpose of this paper is to develop data base of resilient modulus for the cohesive
soils frequently encountered in pavement construction; to develop reliable correlations be-
tween resilient properties and parameters from simple routine tests; and to compare re-
silient characteristics of field compacted and lahoratory compacted cohesive soils.

2. Definition of Resilient Modulus

As the flow of traffic moves on the pavement surface, a large number of rapid stress
pulses of varying magnitude are applied to each element of the pavement structure. Many
studies (Grainger and Lister, 1962; Seed et al, 1962; HRB, 1962) showed that the
measured loading pulse is approximately sinusoidal, and that its magnitude decreases with
depth while the duration increases with depth. It was also shown by Barksdale(1971) that
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the magnitude and duration of the loading pulse are the function of the vehicle speed and
the depth beneath pavement surface.

Since pavement structures are subjected to a series of loading pulses, a test simulating
field conditions should be empleyed for the determination of resilient characteristics in
the laboratory. The repeated —loading triaxial test applying a series of repeated deviator
stress pulses separated by a rest period has been used for the determination of resilient
modulus of granular and cohesive soils. A conceptual response of a soil sample in the resili-
ent modulus test is shown in figure 1. The resilient modulus is analogous to the modulus of
elasticity in the definition. The repeated deviator stress and the recoverable deformation
occurring in the test are used to calculate the resilient modulus which is defined as:

2

M, = ~(1)
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where M; is the resilient modulus | ¢, is the repeated deviator stress

; € is the recoverable exial strain.
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Figure 1. Definition of Resilient Modulus in Repeated —Loading Triaxial Test (After Robnett
and Thompson, 1976}

3. Sample Preparation and Laboratory Experimental Program

3.1 Sampling and Preparation of Field Compacted Soil

Typical cohesive soils in Indiana were obtained from five in —service subgrades. Detailed
information on sampling sites is given in Table 1. Pavement surface was cored by a coring
machine, and base and subbase layers were removed by a hollow —stem auger to expose the
top of subgrade. A 70 mm diameter shelby tube lu"cated with silicone o0il was pushed by
a drill rig. The tube was rotated slowly and lified from the hole. Sealed tubes were
transported and stored in an humidity room. Soils were removed from the tube by cutting
it longitudinally and were trimmed to heights of 147mm to 155mm. Figure 2 shows
gubgrade conditions during construction and in-—service for sampled sites, with
compaction curves for standard proctor energy. Data for as—compacted condition were
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taken from the field inspection data measured by a Troxler 3440 moisture —density gauge

or by sand cone method during construction.
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Figure 2. In—Service and As —Compacted Conditions of Tested Sites
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Table 1. Information on Sampling Sites

. . Station Soil Date Date
Sites Location Number Classification Constructed Sampled
A—4/A—6H Jan.;May July
South Bend US20 Bypass 140—141 (CL) Aug, 89 %
A-6/A-7-06
Fort Wayne US24 Bypass 56, 73, 181 (CL) ’ Aug. 87 Sept. 90
A—B
Washington US50 Bypass 290 (CL) June 89 Jan. 91
. . . A—7-8 April: Sept.
Bedford SR ~—37 530—-532 (CH) Aug. 70 0]
A-T7T—6

Bloomington SR—-37 849 (CH) Oct. 72 Sept, 91

South Bend was the only site where the scil was sampled before the completion of pave-
ment construction. Embankment fill was compacted with four passes of Catepillar CAT 815
sheepsfoot roller. It was observed by comparing Figures 2 and 3 that the field density is
similar to the density obtained by laboratory compaction with energy between 2.197 and
3.271kg - em/cm3. At this site, there were the increase in dry density and the decrease in
water content after construction of embankment. Since the subgrade at South Bend had
not been covered until sampled, the reduction in water content may be due to the drying of
the soil. The increase in density may be attributed to the construction traffic for an over-
pass bridge located at the end of the embankment.

The Fort Wayne soil was sampled at three stations . all stations were compacted with
Caterpillar CAT 825 sheepsfoot roller. The number of passes of the roller were four to six
for station 56+00 and four for station 181+00. At station 73400, the top 0.6 meter of
subgrade was compacted with eight to nine passes while the lower part of embankment was
compacted with four to six passes. All three stations show an insignificant change in dry
density after construction, while the water content varied more widely and the degree of
saturation increases slightly after construction.

A compaction of the Washington site was well controlled during construction. One group
of data showing higher density and lower water content is for top 0.6 meter of compacted
layer, the so—called special subgrade treatment. This site was compacted with three passes
of Caterpillar CAT 553 sheepsfoot roller and two passes of a Raygo 404 vibrating
sheepsfoot roller. Some of the special subgrade treatment was subjected to 3 passes of the
Raygo 404 roller. Since the compactive efforts for the special subgrade treatment and em-
bankment are almost same, the line connecting two groups of field compaction data is con-
sidered as a wet side portion of field compaction. This implies that the line of optimum for
field compaction locates on the dry side of the line of optimum of laboratory compaction.
It is also noted that there was a significant increase in degree of saturation after construc-
tion. The in—service condition is formed in a narrow range parallel to the 100 percent
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saturation line; the in —service density and water content vary over a wider range than
the as —compacted condition.

Since the Bedford and Bloomington sites were constructed in early 1970's, information on
in—place inspection test was not available. As shown in Figure 2, in—service water con-
tent for both sites ranges from 18 to 40 percent and the in—service dry density ranges
from 1.31 to L73t/m3. It is noted that the degree of saturation for these sites approaches
almost 100 percent.

3.2 Laboratory Compaction

Disturbed soils were obtained from three in—service subgrades in Indiana. They were air
dried until the soils became friable, and then they were broken up with a mallet. Properties
of the processed cohesive soils are shown in Table 2. After measuring the water content of
the processed soil, a calculated amount of water to obtain a desirable compaction water
content was mixed into the air —dried soil. Mixed soil was wrapped in a plastic bag and
stored in an humidity room for two days before compaction.

Table 2. Properties of Processed Soils

Site et B (ty;“:;) OMC(%) | Wil%) | PI%)
South Bend A (40/1,[} 6 2.76 2.08 9.6 1926 7-14
Washington A—b 2.74 1.83 148 2838 11-19

{CL)
Bloomington A-T-6 2.79 1.60 235 44-62 25— 40
{CH) -

Each specimen was compacted in five layers of approximately equal height with a ram-
mer of 1.6kg and drop height of 30 em. A compaction mold of 73mm in diameter and
160mm in height was used. To validate the compaction method used in this study, three
different compactions using different sizes of mold and hammer were carried out with simi-
lar compactive efforts. Result of these compactions are shown in Figure 3. It can be seen
that similar compaction curves were created with almost identical maximum dry density;
the optimum water content for Standard Proctor procedure is only about 0.6 percent
larger than the others. Therefore, it is concluded that the compaction used in this study is
compatible with both existing standard and modified proctor compaction procedures.

Before adding a new layer of scil, the surface of the previously compacted layer was
scarified in order to promote bonding between layers. Four different levels of compaction
energy were used and a series of at least four specimens was compacted for each level of
compactive effort. Compactive efforts and blows per layer used for laboratory compaction
are given in Table 3. Following the compaction, the extension collar was removed and the
compacted specimen was carefully trimmed even with the top of the mold by means of a
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Figure 3. Effects of Mold and Rammer on Compaction

straightedge. After measuring the weight of mold and soil, the specimen was carefully

extruded using a hydraulic jack. The extruded specimen was wrapped in a plastic bag and

stored in an humidity room for two days before being tested. Results of laboratory

compaction for South Bend and Washington soils are summarized in figure 4.

DRY UNIT WEIGHT (t/m")

Table 3. Details of Laboratory Compaction

Compaction Energy Total
kg'em /em®*{ 1b'ft /Tt %) Blows Blows per layer
6.037¢12, 364) 82 16, 16, 16, 17, 17
4.364( 8, 938) 60 12, 12, 12, 12, 12
3.273( 6,703) 45 5 9 9 ¢ 9
2.182( 4,469) 30 6, 6, 6, 6 6
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Figure 4.

Laboratory Compaction Results of South Bend and Washington Soils
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3.3 Unconfined Compression Test

After applying the rubber membrane on the trimmed specimen, an unconfined com-
pression test was carried out up to 1.mm deformation with 1 percent strain per minute(
0.025mm / second ), following the procedure described in ASTM D 2166—85, Since the level
of stress applied to the specimen during the resilient modulus test is less than 0.7kg /cm?
and the deformantion by dynamic loading is significantly smaller than that by static
loading, a possibility to characterize resilient behavior by the parameters at small uncon-
fined compressive strains was investigated. Stresses at different strain levels(0.25, 0.50,
0.75, and 1.0 percent), secant moduli at different deviator stress levels(0.07, 0.14, 0.35, and
0.7kg /cm?) and initial tangent modul were obtained from the uncenfined compression test
results for the comparison with parameters from resilient modulus test results.

3.4 Resilient Modulus Test

After the unconfined compression test, the resilient modulus test was conducted on the
same specimen. Since the resilient modulus test has a conditioning stage and the defor-
mation during the unconfined compression test is only 1.5mm, performing the unconfined
compression test before the resilient modulus test is not believed to have had a significant
effect on the resilient modulus test result. The resilient modulus tests in this study were
performed by following the procedure described in AASHTO T 274—82. The test involves
two stages of testing: conditioning and the main test. Conditioning is intended to
minimize the effect of the interval between sampling and testing and of initially imperfect
contact between the platens and the specimen. The main part of resilient modulus test for
cohesive soil consists of 15 different combinations of confining stresses and repeated
deviator stresses, applying 200 stress pulses for each stress combination. The haversine
stress pulse with a lpad duration of 0.1 second and a cycle duration of 1 second was used to
apply repeated loads to the specimen. Figure 5 is a plot of measured stress pulse. A typical

0.50 . — —_— T ——
AT 200TH CYCLE 1
T CONFINING STRESS=0.21 kg/em? (3 pai)

0.40 DEVIATOR STRESS=0.42 kg/cm! (& pal) T

0.3 |

|
|
M
o.ch
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Figure 5. Stress Pulse Measured during the Resilient Modulus Test
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Figure 6. Typical Result of the Resilient Modulus Test on Cohesive Soil

result of the test is plotted as three curves corresponding to the different level of confining
stresses, as shown in figure 6.

Equipment used for the resilient modulus test is composed of a loading frame with
controlling and conditioning units, including a waveform generator, an oscilloscope monitor-
ing the input and output stress pulse, and a PC controlling the M, test and performing
data acquisition. The load frame is a MTS—810 Soil Test System and is a closed —loop
servo—hydraulic system. A load transducer of 100kg capacity is located between the
loading piston and the triaxial cell. Deformation of the specimen was measured by a
4—mm displacement gage whose resistance is changed by the movement of sensing arm. A
software package developed by MTS Systems Corporation was modified and used for the
control and data acquisition, with a DT 2801 board, RS5~232 interface and PCLAB
software. Magnitudes of confining pressure and repeated deviator stress are automatically
changed. Confining pressure is controlled by supplying air through a Bellofram pressure
regulator actuated by the voltage signal sent from the controlling computer.

4. Test Results and Discussions

4.1 Resilient Properties of Field Compacted Cohesive Soils

Generally, the resilient modulus was observed to increase with the increase in dry den-
sity or the decrease in water content. However, these relationships are too scattered to
give a good correlation. As shown by Lambe(1958), Seed and Chan(1959), Barden and
Sides(1970), and Hodek and Lovell{1979), the soil structure and engineering properties are
determined by as-—compacted condition rather than in— service condition. Seed et al
(1962} and Monismith et al. (1967) also showed that the resilient behavier of soil initially
compacted dry of optimum and subjected to an increase in water content to wet of opti-
mum is different from that of soil compacted directly to wet of optimum. Therefore, it was
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concluded that the in—service condition is not a good basis for relating structure and en-
gineering properties of compacted cohesive soils.

To select the best indicators of resilient modulus, a stepwise regressicn technique was
applied to the independent variables ; such as the parameters from the unconfined com-
pression test, the in—service water contents and dry densities. Among all the variables
considered, the stresses at 0.25, 0.5, (.75, and 1.0 percent axial strain(S.e, Suse Suzse
S.oz) are found to have the best correlations with the resilient modulus for all the sites
investigated. Since the stresses at smaller axial strains appear to be subjected to the larger
error due to the incorrect readings or the imperfect contact between a specimen and a top
cap, and since the coefficient of determination tends to increase as the range of indepen-
dent variable becomes smaller, the stress at 1 percent axial strain s adopted as a predictor
variable. The results of repeated —load triaxial tests and unconfined compression tests are
expected to be affected by the same factors, and relating both test results directly may ex-
clude the influence of water content, dry density and other basic indices. Because the resili-
ent strain caused by repeated —loading triaxial test ranges from 107 to 107°, S, . instead
of the unconfined compressive strength would give a better indication of the resilient
modulus. It is also noted that all sites, except South Bend which has no data of unconfined
compression test, show the similar relationships between My and 8, x,.

To investigate the possibility of an unified correlation, data from four sites are plotted
together in a single plot, as shown in Figure 7. It can be seen that there exists an unique
relationship between M; at a specific level of stress and 8., regardless of the soil type.
As expected, the resilient modulus increases as the magnitude of 8, ,, increases. The resili-
ent modulus at higher confining stress is larger than that at lower confining stress and the
difference becomes larger as 5, increases. For soils with 8, of 2.0kg/cm?, the resilient
modulus at g, of 0.42kg /cm2(6 psi) is about 50 percent larger than that at no confinement.
Therefore, consideration of the effect of confining stress on M; is important when the
subgrade is a relatively stiff clay.

Robnett and Thompson(1976) suggested that the breakpoint resilient modulus cbtained
from the bilinear representation of My versus o, is a representative modulus which can be
used for correlation and design purposes. They used this single modulus to characterize the
entire M; versus o, response and recommended it as the resilient modulus at a deviator
stress of 0.42kg/cm*(6 psi) for practical purpose. In the present study, the resilient modu-
lus at a deviator stress of 0.42kg/cm®(6 psi) and at a confining stress of 0.21kg/cm’(3psi)
is used as a representative. To develop the empirical correlation, a multiple regression was
performed and the addition of variables except S, was found to improve the

predictability insignificantly. Therefore, a following equation based on 8,4, was developed :

Mp = —112.5+833.85, 1, 99118, g0 -orreerrmmmmmr e e ()
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Figure 7. Relationship between My and 8, ; for Field Compacted Soils

Equation 2 gives the coefficient of determination (R?) of (.85 and square root of Mean
Square Error of 128.8kg/cm” It is also observed that the resilient modulus is linearly pro-
portional to S, for soils having S, 4, less than 2.5kg/cm’. For S, less than 2.5kg / cm’,

the following simple relationship is valuable :

where M is the resilient modulus (kg/cm’} at o, of 0.21kg/em®(3 psi) and o, of 0.42kg /
e’ (6 psi); and S, is the stress causing 1 percent strain in the unconfined compression
test. Equation 3 gives R’ of (97 and square root of Mean Square Error of 121.6kg / ecm’.
Figure 8 shows the prediction equations proposed in this study with 95 percent confidence
and prediction intervals,

Since relationships between M; and S, for four soils which have been subjected to dif-
ferent traffic loadings and different changes in subgrade condition are similar, it appears
that the relationship itself is not affected by the change in subgrade condition after con-
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struction and that it is applicable to the

vice condition.

as —compacted condition as well as the in—ser-
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Figure 8. Proposed Relationship between My and S, for Field Compacted Soils

4.2 Resilient Properties of Laboratory Compacted Cohesive Soils
Figure § is a plot of test results showing the changes of S, with molding water con-

2.5

3.0

tent. It is shown than S, starts to decrease at an increasing rate as water content

approaches 1.0 to 1.5 percent dry of optimum. 8, decreases more slowly near the opti-

mum water content, beyond which it is virtually constant. A larger compactive effort
produces a greater S, at water contents dry of optimum, while the reverse is true at wet

of optimum. Figure 10 is a plot showing the relationship between the resilient modulus at

g, of 0.42kg /em®(6 psi) and oy of 0.21 kg/cm® (3 psi) and the compaction water content.
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Figure 10. Variation of My with Water Content for Laboratory Compacted Soils

Since it is observed from Figures 9 and 10 that Mg and S, vary with water content in a

similar manner, a direct comparison of both variables may offer a good correlation. Figure 11 is
a plot of My versus S, for tested sites. Plots for the Washington and South Bend sites are
identical up to S, of 1.okg/cm’ while Mg of the South Bend soil is slightly larger than that
of the Washington soil as S,,, increases, It is noted that test results on specimens compacted
with four different compactive efforts fit well in a single relationship between My and S, ., and
that the relationship appears unique for a given soil. Therefore, it is concluded that the re-
lationship between My and S, for a given soil can be obtained by conducting resilient meodu-

lus tests on a series of only four or five specimens compacted at different molding water con-
tent with the same compactive effort. To look at the possibility of an unified relationship, four
specimens of the Bloomington soil were compacted with Standard Proctor energy, and tested
for the resilient modulus, It can be seen from figure 11 that the relationship between My

and S, of the Bloomington soil is not significantly different from these of South Bend

and Washington sites.
Since the relationship between Mg and S, of laboratory compacted soil shows a curva-

ture, a square term of S, i3 added to the prediction equation, The relationship applicable

to the soils studied is developed by the regression analysis as follows ;

M =695.48, 115, ~BA.348, g, ++rerererereresrerrermteriiirre s aiannnns s e snaesess e e ssnanssenns ( 4)

where Mg 1s the resilient modulus{kg/cm®) at &, of 0.42kg/cm*(6 psi) and & of O.
2lkg/em’® (3 psi); and S, is the stress(kg/em’) causing 1 percent unconfined compress-

ive strain. The coefficient of determination(R’®} is 0.97 and square root of Mean Square Er-
ror is 115.4kg/cm®

g T e 17



2500 T T Y T T T Y ~ 2500 T— ey T T T v Y
Wy at 7, =0.42k9/cm? (6psi} ond g,=0.42kg/cm" (Epsl) My at p =0.42kg/cm’ (Bpai} ond v,-O.ZIkg/em' (3pel)
O SoUTH REND 0 36UTH BEND

2000 | & WASHINGTON b 2000 | A WASHINGTON 1
& BLOOMINGTCN n} + 4 BLOCMINGTON

o i

1500 1500 o 4

T
*

L A A 4
1000 1000 | . 1

500 F 00 | Cﬁk."‘ ;

/

a
00 05 1.0 t5 20 25 30 35 40 0.0 0.5 1.0 1.5 20 25 30 35 40

RESILIENT MODULUS (kg/cm?
RESILIENT MODULUS (kg/cm?
*

8
L

Su AT 1% STRAIN (kg/cm?) Su AT 1% STRAIN (kg/cm?)

2500 T T T T T v T

My ol g =0 42kg am" (Bpel) and oy=0kg/em* (Opsl}

3 SOUTH BEND

2000 - & WASHINGTON h
4 BLOOMINGTON

1500 }- .
1000 |- i
=] ] &
: .
500 MY P .

RESILIENT MODULUS {kg/cm?)

c5 1.0 ES5 20 25 3O 35 4.0

Su AT 1% STRAIN (kg/cm?)

Figure 11. Relationship between My and S, »», for Laboratory Compacted Soils

5. Resilient Properties of Laboratory and Field Compacted Soil

5.1 Laboratory and Field Compaction

The primary purpose of laboratory compaction is to produce the compacted specimen
having identical properties with the field compacted soil. Presently, it seems that no satis-
factory laboratery compaction method exists that can exactly duplicate field compaction.
Waterways Experimental Station(1949) conducted laboratory and field investigations on a
compacted Vicksburg silty clay, and showed that the strength of laboratory compacted
sample was quite different from that of the field compacted soil. Johnson and Sallberg(1960,
1962) and Wahls et al. (1966) reviewed previous studies, and concluded that the attempts
to devise the laboratory compaction methods that simulate field compaction were unsuc-
cessful. It was noted that the lines of optimum for field and laboratory compaction often
did not coincide and the relative position of the lines of optimum with respect to the 100
percent saturation line varied for various laboratory and field compaction methods and for
various soil types. Lambe(1938), Olson(1963), and Seed and Chan{1959) have recognized
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that similarities in molding water content and dry density do not necessarily imply

similarities in engineering properties of the compacted soil.

5.2 Resilient Modulus of Laboratory and Field Compacted Soil

Seed et al. (1962, 1967) compared the range of measured resilient moduli of undisturbed
samples with that of moduli estimated from the test results of laboratory compacted
samples, and concluded that the properties of clays compacted by rubber-tire rollers are
similar to those prepared by kneading compaction in the laboratory and, therefore, these
two compaction methods induce similar soil structures. However, Lee et al. (1992)
reinterpreted the data by Seed et al. (1962, 1967), and showed that the resilient modulus
estimated from the test result of laboratory compacted soil is significantly different from
that of- the field compacted soil. The difference is attributed to the ‘different
moisture —density condition between laboratory and field compacted soils and the change
in subgrade condition after construction. This clearly indicates that the replication of field
density and water content by laboratory compaction will not allow a good estimation of
field resilient modulus.

By comparing the M; versus S, relationship between field and laberatory compacted
soils shown in figures 7 and 11, it is observed that the relationship at no confining stress
is slightly different while relationships with confining stress are not significantly different
between two compactions. At S, less than 0.7kg/cm’, laboratory compacted soil has a
highly nonlinear relationship and field compacted soil shows less curvature. At low confin-
ing stress, the resilient modulus of laboratory compacted soil is moderately smaller than
that of field compacted scil at S, larger than l.4kg/cm’ and they are similar at smaller
S... At higher confining stress, laboratory compacted soil shows slightly smaller M, than
field compacted soil at S, larger than 1.75kg/cm’ and slightly larger M, than field
compacted soil at 8, smaller than lkg/cm’. For scils having 8, ranging from 0.35 to
1.4kg / cmi’, field resilient modulus is approximately same as laboratory resilient modulus.

The difference in resilient characteristics of laboratory and field compacted soils is due
to the different soil structure, the traffic load, type of soil, and the change of subgrade con-
dition after construction. Since relationships between My and S, for four soils which
have been subjected different traffic loadings and different changes in subgrade condition
were similar, the difference in relationships of My versus S, , between laboratory and field
compactions is mainly due to the different soil structure. Since the relationships of Mg ver-
sus S, for laboratory and field compacted soils are not significantly different at confining
stress larger than 0.21kg/ocm? the field resilient modulus may be estimated from labora-
tory compacted soil using the relationship suggested by Equations 2 or 3.

6. Resilient Modulus at Different Level of Stresses

For mechanistic analysis of pavement system, it is necessary to express the resilient
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modulus in terms of deviator stress and confining stress since the level of stresses due to
traffic loading is again a function of resilient characteristics of pavement materials. From
regression analysis on resilient moduli at different levels of confining stress and deviator
stress, the resilient modulus of cohesive soil is expressed as ;

where M; is the resilient modulus at"specific level of confining stress and deviator stress
: 8,0 is the stress causing ! percent strain in unconfined compression test : and “A” is a
regression parameter. A chart to evaluate the regression parameter is developed as a func-
tion of confining stress and deviator stress, as shown in Figure 12. The resilient modulus
can, then, be obtained by estimating the regression parameter from Figure 12 and substi-
tuting it into the Equation 5. By repeating this procedure and plotting calculated resilient
moduli with corresponding deviator stress and confining stress, relationships of resilient

modulus with deviator stress for each confining stress level are established.
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Figure 12. Chart for Estimation of Parameter in Figure 13. Relationships between My and o, for
Equation 5 Each Group of S,

Another chart to determine the relationship between M; and o, is developed for more

convenient use. All the test results of field compacted scils are sorted and grouped by
means of S, and Figure 13 shows relationships between M and s, at o, of 0.21kg /em® (

3 psi).
For both approaches proposed above, the parameters at ¢y less than 0.14kg/cm?® (2 psi)
are assumed identical to those at o, of 0.1dkg /cm’.

7. Conclusions

From the observations and analyses on the test results of cohesive soils, following
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conclusions are drawn :

(1) Field compaction yields similar or lower dry density than that obtained by the labora-
tory compaction with Standard Proctor energy. The in—service condition of cohesive
subgrade approaches the 30 to 100 percent degree of saturation after several years of ser-
vice, regardless of as —compacted condition ;

(2) Generally, in—service resilient modulus increases with increase in dry density or de-
crease in water content. However, these relationships are highly scattered since the soil
structure is affected by the condition during compaction rather than in—service condition.
Therefore, replication of in—service density and water content by laboratory compaction
does not give good estimation of resilient properties of in—service subgrade soil ;

(3) In—service resilient modulus of the field compacted cohesive soil is uniquely related to
S..0%, regardlegs of gsoil type. The relationship itself between Mg and 3, (Equation 2 or 3)
is applicable to the as —compacted condition as well as the in —service condition. Therefore,
the resilient modulus can be estimated for any subgrade conditions if S, 1s obtained for
the specimen which has been subjected to corresponding conditions ;

{4) For laboratory compacted cohesive soils, the relationship between My and S, for a
given soil is unique regardless of compaction water content and compactive effort, It can
be developed by conducting resilient modulus tests on a series of four or five specimens
compacted at different molding water content with the same compactive effort ;

{(5) The relationship between M, and S, at ne confining stress is slightly different be-
tween the field and the laboratory compacted soils while that with confining stress is not
significantly different between two compactions ;

{6) An addition of end —result specification of 8, to the current practice of compaction
specification will allow field engineers to better control the resilient properties of the
constructed subgrade.
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