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Abstract. This paper presents a study of the effect of relative density and moisture content on the resilient
behavior of subgrade soils in Saudi Arabia. Thirtcen representative soil samples, representing subgrade soils
from all over the Kingdom, were tested at two different relative densities (93% and 96%) and the
correspoding moisture contents on the compaction curves in addition to the optimum moisture content and
maximum density. The results show that the resilient behavior depends on soil type (fine grained or granular)
as well as moisture content and rclative dénsity. The study shows that both moisture cantent and relative
density govems the effect of deviator and confining stresses on MR behavior. The study emphasized the
importance of using a model that describes correctly the dependency of Mg on both confining and deviator
stresses,

Keywords: resilienl mydulus, subgrade soii, modeling,
Introduction

In recent years, considerable attention has been given to the characterization of subgrade
soil using the resilient modulus test. The 1986 AASHTO Guide for Design of Pavement
Structures provided substantial impetus to the test by declaring that resilient modulus
{(Mg) is the definitive property to characterize both subgrade soil and flexible paving
materials.

Resilient modulus of subgrade soils has been found to be very sensitive to type of
soil, moisture content, densily and stress level to which the soil is subjected. Many
studies have reported relationships between Mg and other soil properties that are a
function of local seil properties and based on local environment and experience.
Thompson and Robnett [1] conducted an exlensive study of the resilient properties of
[llinois soils. Rada and Witczak [2] presented a comprehensive evaluation of variables
that influence the resilient modulus response of granular materials.  Several
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studies have been conducted to study the influence of density and/or water content on the
resilient behavior for Florida subgrade soils (Elfino and Davidson, [3]), Arkansas
subgrade soils (Elliot and Thornton, [4]), Texas subgrade soils (Pezo and Hudson [5]),
and Tennessee subgrade soils (Drumm et al. [6]). However, the effects of density and
water content on the resilient behavior of a particular soil cannot be accurately predicted
without testing that soil to account for its geological origin in representative
environment,

Unfortunately, to the best knowledge of the authors, no information was available
concerning the tesilient behavior of soils in Saudi Arabia. Consequently, in 1992, King
Abdulaziz City for Science and Technology (KACST) sponsored a three-year laboratory
and field study of resilient behavior of soil indigenous to Saudi Arabia. The study was
conducted by a research team from King Saud University (KSU) and the Ministry of
Communications. All tests were performed at the laboratories of Civil Engineering
Department in KSU. The objectives of the study were: (1) to investigate typical
resilient modulus (Mg) values of various roadbed soils encountered in the different
regions of the Kingdom; (2) to correlate Mg values with other physical and mechanical
properties of soil (e.g. soil classification and soil strength} at typical field and loading
conditions (i.e. moisture content, relative density, confining stress and deviator stress
level); and (3) to address the effect of soil classification, moisture content, relative
compaction, anticipated loading and confining pressure on My values for these
roadbed soils. More detailed information on the study is available elsewhere (Al-
Suhatbani et al. [71).

The purpose of this paper is to study the effect of moisture content, relative
compaction, anticipated leading and confining pressure on My values for thirteen
representative soil samples, representing subgrade soils from all over the Kingdom.

‘Testing Program

Site selection, sample collection and characterization

The Kingdom of Saudi Arabia is divided into 14 highway districts. Sampling
points were located at fixed intervals of 40 km along sclected roads that were believed to
provide comprehensive coverage of the various Kingdom’s districts.

Soil samples were retricved from about 0.5 meters below the ground surface at
approximately 20 meters from the pavement edge. Field (natural) moisture contents for
all samples and field densities for some samples were determined.

From each AASHTO class encountered, a minimum of two samples was randomly
selected (except A-7-6, since there was only one sample encountered). A total of 13
samples were selected as shown in Table 1.
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Table 1. Selected samples from each AASHTO soil class

AASHTO Teotal No. af No. of sclected
classification samples samples

A-l-a 7 2
A-1-h 24 2
A-2-4 853 4

A-3 23 2

A4 17 2
A-7-6 ! I

A laboratory-lesting program was established to characterize collected soil
samples. Geotechnical characteristics included:

* Sieve analysis (washed and oven-dry) together with the determination of
percentage of sand, silt and clay (AASHTO T38R).

*  Atterberg limits {AASHTO T89 and T90)
* Classification according to AASHTO and Unified classification systems,
s Specific gravity (G,) (AASIITQ T85 and T100)

* Moisture-density analysis (including determination of optimum moisture
content and maximum dry density) (AASHTO T99 Method D).

* Minimum and Maximum density for clean dune sand (A-3) (ASTM D4254 and
STM D4253).

* Unsoaked California Bearing Ratio (CBR) (AASHTO T193) at optimum
moisture content and maximum dry densily.

¢ SHRP classification as type 1 and 2(AASHTO 294).

The results [rom the testing program for the selected soil samples are summarized
in Table 2.

Resilient modulus testing

For resilient modulus testing, 100 mm diameter and 200 tm high test specimens
were used for all types of soil. All tests were conducted in a resilient modulus testing
apparatus with an electropncumatic-loading frame, Specimens were subjected to a
repeated deviator stress of fixed magnitude using a haversine shaped load pulse
consisting of a 0.10 second load followed by a 0.90 second rest period. The deviator
stress was measurcd with a load cell mounted within the triaxial cell, thereby eliminating
load-measuring errors caused by the friction between the load piston and the top of the
triaxial cell.
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Air was used as the confining fluid in the plexiglass cell and pressure was
measured by an air-pressure gauge mounted at the base of the triaxial cell. Externally
mounted Linear Variable Differential Transducers (LVDTs) were used toc measur
recoverable axial defermations. The resilient moduli were calculated for each leading
sequence using a personal computer with a data reduction and analysis program. The
soil was mixed at the target moisture content. The soil samples were then placed in
sealed double plastic bags allowing 24 hours for equilibrium. Static compaction and
tamping were used to densify five layers of cohesive and cohesionless soils, respectively,
to achieve the target density level. All samples were tested enclosed inside two rubber
membranes.,

For the purpose of the My, tests, soils were classified as Material Type 1 or Type 2.
Material Type 1 are those which have less than 70% passing the No. 10 sieve and 20%
maximum passing the No. 200 sieve. Material Type 2 are all other soil materials.
Testing sequences used are shown in Table 3.

Table 3. Summary of conditioning and loading sequences (AASHT(294)

Type 1 soil Confining stress Deviator stress No. of ¢ycles
o3(KPa) ca(KPa)

Conditioning 103.4 103.4 1000
Testing 207 20.7.41.4,62.1 100 each
34.5 34.5,69,103.4

69 69,137.9,206.9
1034 69,103.4,206.9
137.9 103.4,137.9,275.8
Type 2 soil oy Kpa) aa(KPa) No. of cycles
Conditioning 41.4 276 1000
Testing 41.4 13.8,27.6,41.4,55.2,69 100 each
20.7 13.8,27.6,41.4,55.269
] 13.8,27.6,41.4,55.2,69

My, testing at variable moisture content and density

The measured My of a soil can vary enormously depending on how soil is
compacted and on the water content and density at which the specimen is compacted. It
is necessary to consider how well test samples simulate the probable condition of a soil
in an actual pavement with regard to watcr content and density, To study the effect of
moisture content, Mg tests were conducted at two different moisture contents on the dry
side of the compaction curve. Soil samples were collected during one year of the study
and some of them during the rainy season from 157 sites throughout Saudi Arabia,
These sites encompassed a wide range of topography and environmental conditions. For
all samples, except two, the optimum moisture content {OMC) was greater than the
natural moisture content (NMC). Similar observations were obtained by Fatani et al. | 8]
for subgradc soils rccovered from under existing pavements in eastern, central and
western regions of the Kingdom as shown in Table 4. Preliminary plans were to test



170 T, Al-Refeai and A. Al-Suhaibani

samples at moisture contents above OMC; however, in light of the above and since there
is an annual excess of potential evaporation over precipitation in the Kingdom, the
moisture contents at which the selected samples were tested for Mg were optimum and
dry of optimum at density corresponding to 100%, 96%, and 93% of maximum dry
density (AASHTO T-99). Figure 1 shows the combination of moisture contents and
densities at which My tests were conducted. Figure 1 shows paths “ca” and “db” having
constant dry density but variable moisture content. On the other hand, path “be” has a
constant moisture content (OMC) but variable dry density. Furthermore, constant
compaction effort could be obtained along the path “dce”. Each one of the 13 samples
was tested at each point shown in Fig. 1. However, since the optimum moisture content
for “A-3” samples is zero percent, tests for those samples were conducted along the path
“be” only.

Table 4. Natural and optimum meisture of subgrade soils in Saudi Arabia

Resilient behavior study National rutting study
(Al-Suhaibani, et al. [7]) (Fatani ef al. [8])
NMC{%) OMC(%) NMC(%) OMC(%)
No. of samples 157 157 22 22
Range 0.2-173 0*-21.7 1.1 -o64 56-114
Mean 4.1 9.3 3.9 7.1
5td. Dev. 2.99 451 1.10 1,50

*OMC for cliean dune sand (A-3)

kMDD e

96% c
k a \
93%
5% d

Diy density

IR R

MC1 MC2 Moisture content

Fig. 1. Combination of moisture content and dry density forresillient modulus testing.
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Analysis of Results
Resilient behavior
Typical results from the test program are plotted in Figs. 2 and 3 as specified by
AASHTO 294. Figure 2 presents the logarithmic plot of resilient modulus (My) versus
bulk stress (0) for Type 1 materials. Similarly Fig. 3 shows the logarithmic plot of
resilient modulus versus deviator stress (og). According to AASHTO 294, for Type 1
and 2 materials, the resilient modulus is expressed by equations 1 and 2, respectively.

Mp = K5 (0)%s 1)
Mg =Ki(og)* (2)

Where Ky, K';, K'Y, and K'y are regression coefficients derived from laboratory test
results.

Type 1 material exhibited the usual behavior found with granular soils where the
resilient modulus increases with increasing both confining and bulk stresses as shown in
Fig. 2. Type 2 materials displayed the typical stress-softening resilient behavior of
cohesive soils under repeated loading, where the resilient modulus increases with
increasing the confining stress and decreases with increasing the deviator stress as shown
in Fig. 3. However the effect of confining stress on resilient properties for Type 2
material is not considered by the model in equation (2).

3
Conf. press, kPa *x
B-09
& 2068
® 3447
A 6396
o 2E w 103.46
s “ 137.90
=
=
100 bt 1 | . ) [

6 7 8 9100 2 3 4 5 6 7
Bulk stress, kPa

Fiy. 2. Typical plot of MR vs, bulk stress for type 1 samples.
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Fig. 3. Typical plot of MR vs. deviator stress for type 2 samples.

Thus the constitutive equalion proposed by Pezo [9] might be considered more
appropriate to model the resilient behavior of soil in Saudi Arabia, since it reflects both
the confining and deviatoric stresses sensitivity characteristics of any soil. The
constitutive equation for resilient modulus as proposed by Pezo is given by

Mp =K, (64)%2 (63)3 3

where K, K; and ¥; are laboratory-derived regression constants reflecting material type
and physical properties.

Table 5 contains a summary of regression constants, coefficient of determination (Rz)
and standard crror of estimate (SEE) for Type 1 and Type 2 soils where the resilient
modulus test results were interpreted according to equation 1 or 2 and 3. The trends
presented in this table which are typical of those vbtained in the study conducted by Al-
Suhaibani et al [7] confirm the ability of Pezo's model to predict the resilient properhes
of tested soils with a high degree of accuracy as reflected by the high values of R*and
the relatively small values o SEE.
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Table 5. Summary of regression constants for two soil types

Sample Meodel R SEE
(T?,;)?]) Mg = K3(0)%4 =17.55 9427 097 977
Mg =K;(64)°2 (03053 =33.77(04) "% (03) 099 621
(T};;)tlzz) Mp = K}(5)*2 =159 64(ag)~1% 0.36 943
Mg =K (6)<2(05)%? =107.32(ag) " *8(c4)*'26 093 241

Effect of water content and density on K;
It was stated earlier that the My, results could best be modeled using Pezo’s model

The model constants; namely K, K; and K, will be used here to study the effect of
water content and density on My. Regression analysis was performed on data of cach Mg
test results to obtain the regression constants, K, K, and Ki. K represents the value of
My at unit deviator and confining stresses, while K, and K; equal the rate of change of
Mg with deviator and confining stresses, respectively. Unlike K, and K,, K, is not
dimensionless and must have dimensions controlled by the dimensions of My, &3 and o4
in order for the equation to be dimensionally correct.

Figure 4 shows the line plots of K; against rclative density (relative to the
maximum dry density). Data points shown were all at optimum moisture content (along
the path “be” Fig. 1). A general trend of an increase in K| value as density increases can
be observed. This trend was expected and agrees with that reported in the liter ature
{Seed er /. [10] and Hicks and Monismith, [11].

200

150

100 —

Ki

22

Fig. 4. Effect of Dr on K1 at OMC.
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Plots of K, with moisture content at both 96% and 93% relative densities are very
similar as can bc scen in Figs. 5 and 6, respectively. Both plots show that K| decreases
with increasing moisture content for all granular soil. An opposite trend is observed for
fine-grained soil in which K; increases with increasing compaction moisturc content.

200
150 |-
2 e ,,_,-,/,/._./’*/.
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50 | N
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o ~ AN
5] Y a
0 1 | | ;
0 4 8 12 16
W.C %

Fig. 5. Effect of WC on K1 at Dr =96%.
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Fig. 6. Effect of WC on K1 at Dr = 93%.
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Effect of moisture content and density on K,

As stated earlier K, represents the effect of oy For small values of | K; | , the
subgrade resilient modulus is less sensitive to changes in deviator stress. On the other
hand, large values of | K; | are indicative of highly sensitive resilient modulus. To
investigate the effect of moisture content on K,, plots were prepared for K, against
moisture conlent. Figures 7 and 8 show plots of K, versus moisture content for relative
densities of 96 and 93%, respectively. At 96% relative density, general trends are such
that for fine-grained soils (A-4, A-7-6) K, tends to decrease as moisture content
increases, while for granular seils K, tends to increase or do not change as moisture
content increases. However, in contrast to the relatively minor influence of moisture
content on K, for granular material, the influence of moisture content on K, values for
fine-grained soil is significant. At 93% relative density, K, generally decreases slightly
or stays the same as moisture content increases for both granular and fine-grained soils.
This means that the effects of deviator stress on Mg may or may not be the same at
different moisture contents depending on soil properties. However, it seems that M for
fine-grained soil is morc scnsitive to changes in moisture content regardless of density as
deviator stress changes.

0.20
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Fig. 7. Effect of WC on K2 at Dr = 96%,
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Fig. 8. Effcet of WC on K2 at Dr = 93%,

The effect of changing density on K, can be seen in Fig. 9. Note that, although
changes in K, are not large, the influence of moisture content on K value is seen to vary
even within the same soil type. There is, however, no uniform trend among all soils tested.
This Fig. clearly shows that changing density while keeping moisture content the same has

no effect on K.

This means the effect of deviator stress on My is almost the same

regardless of the sample density if the moisture content is kept constant.at the optimum.

0.20

010 -
0.00 —
g 010 |-
-0.20 +

-0.30 -

-0.40

AASHTO Class
piny A-1-b
— A A24
—tc— A-1-a
—J— A-1S
‘\.—/”/. —@— A4
\—k— A3 )

92

Fig, 9. Effect of Dr on K2 at OMC.,
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Effect of moisture content and density on K;

Figures 10 and 11 illustrate the influence of moisture content on K ; at relative densities
of 96% and 93% respectively. Figures 10 and 11 indicate that for granular soils the value of
K; increases with increases in the moisture content regardless of relative density. However
for fine-grained soil, K3 values do not vary appreciably as the moisture content increases at
rclative density of 36%, whereas at 93% relative density, K; values decreased with increasing
moisture content values. Thus influence of magnitude of o3 on Mg is mainly related to
moisture content of the soil. The sample density, as can be seen in Fig. 12, also influences
K;. Itis clear that K; decreases as density increases. This is logical since it indicates that the
relative importance of o; decreases as density increases.

0.20

010 —

-0.20 |~

Fig. 10, Effect of Dr on K3 at Dr = 96%.
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Fig. 11, Effect of WC on K3 at Dr =93%.



178 T. Al-Refeai and A. Al-Suhaibani

0.60
lasg Y
040 i At
- A A24
[4p]
x —5— Al
—- AG7
020 f- o o
\—b— A3 )
0.00 1 1 ' .
9z 94 g6 a8 100

Dri%

Fig. 12. Effect of Dr on K3 at OMC.,

Estimation of Mg changes in the ficld

The typical cross sections used in roadway construction in Saudi Arabia consist of
a 150-mm asphalt concrete layer and 300 mm of selected material above the natural
subgrade. Stresses on the top of the subgrade due to an 80 kN standard axle load (18
kip) were found to be in the vicinity of 41.4 kPa (6 psi) vertically and 20.7 kPa (3 psi)
horizontally when using the ELSYM 5 computer program. These typical field values of
oy and o; were substituted in Pezo’s model along with the values of regression constant s
(K1, K, and K,) obtained in the laboratory at different moisture contents and relative
densities to calculate expected field MR values. The influence of increasing moisture
content for 93 and 96% relative densities on the resilient modulus of the predom inant
subgrade soil in Saudi Arabia {A-2-4) is shown in Fig, 13 with results of sample A-4 for
comparison purposcs. The resilient modulus values arc normalized by their respective
values corresponding to maximum dry density and optimum moisture content. From
Fig. 13 it can be observed that the normalized resilient modulus decreases with
increasing water content irrespective of relative density. For the granular soil the relative
density has less effect on the reduction in Mp than for the fine-grained soil. Inspection
of Fig. 13 shows that reduction in My for the fine-grained soil obtained under high
relative density of A-4 soil is greater than that at low density. This result is probably due
to weakening of the soil tfabric as moisture content is increased. This behavior was
anticipated and consistent with those reporled by several authors (Seed ef «l. [10] and Li
and Selig, [12].
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Figure 14 depicts the effects of the relative density at optimum moisture content on
the increase in resilient modulus of granular and fine-grained soils. The figure shows the
significant effect that increasing density has on the resilient modulus of the granular soil.
However resilient modulus increases slightly with increases of relative density in the

case of the fine-grained soil.
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Fig. 14. Effect of DR on normalized MR,
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Conclusions

The study reported herein was undertaken to evaluate the resilient behavior of
typical Saudi subgrade soils under moisture content and stresses that simulate
environment and traffic loading on highway pavements in Saudi Arabia, respectively.
From the testing conducted in this study, the following conclusions can be made:

1.

No evidence was obtained to suggest that resilient moduli of subgrade soils in
the arid climates of Saudi Arabia should be evaluated for compaction wet of
optimum especially for highway pavements outside urban areas,

The model suggested by AASHTO for resilient modulus for type 2 material is
not sufficient to describe the resilient behavior of this soil since the effect of
confining siress on the resilient properties is not considered.

The constifutive equation used as proposed by Pezo appears to be suitable to
model the resilient characteristics of subgrade soils in Saudi Arabia.

Resilient modulus at unit deviator and confining stresses (K,) generally
increases as the soil density increases when keeping the moisture content at
the optimum.

Resilient modulus at unit deviator and confining stresses (K ) decreases as
moisture content increases for granular scils. The trend for fine-grained soils
is the opposite.

The contribution of the deviator stress to the resilient modulus value (K ;) is
largely dependent on the molding moisture content, the density of the soil and
the type of soil (granular or fine-grained). However, this contribution does
not change with density if the moisture content is kept constant.at the
optimum.

Increasing moisture content at a relative density of 96% increases the effect of

contfining stress (K;) on resilient modulus, while increasing density but
keeping moisture content constant (at optimum) reduces this effect.

Increasing moisture contents tend to decrease resilient moduli of cohesive (A-
4) and coarse- grained (A-2-4) soils under expected service stresses.
However, as the relative density increases, the resilient modulus increases for
both types of soils.
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