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Abstract: In order to assess the performance of the
embankment soil under various climate conditions during the
period of service, the modulus behaviour of an unsaturated
compacted soil is evaluated using the constant water content
triaxial test. Since the water content measurement method is
simple and economical and it is used widely in engineering,
the soil suction is replaced by the water content and the
relationship between the water content and the modulus is
developed. The compacted samples are prepared with different
compacted water contents, and samples with a similar water
content subjected to drying or wetting procedures prior to the
triaxial test are also investigated. The effect of the water
content and the confining pressure on the modulus is analyzed.
The results show that the modulus decreases with the increase
in the water content and a power function can be proposed to
quantitatively describe the relationship between the modulus
and the water content in the range of the measured water
content. The modulus increases with the increase in the
confining pressure of the compacted soil. However, the effect
of the water content on the modulus is more pronounced than
that of the confining pressure. This research can be referenced
for the compacted embankment soil assessment in-service
period.
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he compacted embankment is often in an unsaturated
T state upon the ground surface. Due to the rising wa-
ter table, infiltration, evaporation and traffic loading, the
water content of the compacted embankment soil is
changed over the service life of the embankment irrespec-
tive of the initial water content imposed during construc-
U731 Tn order to assess the embankment performance,
the influence of water content variations should be consid-
ered in such a way that the anticipated in-service condi-
tions are taken into account'.

tion

In fact, numerous researchers have performed field in-

Received 2012-01-11.

Biography: Zhang Dingwen (1978—), male, doctor, associate profes-
sor, zhangdw@ seu. edu. cn.

Foundation item: The Natural Science Foundation of Jiangsu Province
(No. BK2011618).

Citation: Zhang Dingwen, Liu Songyu, Zhang Tao. Water content and
modulus relationship of a compacted unsaturated soil [ J]. Journal of
Southeast University ( English Edition), 2012, 28(2):209 —214. [ doi:
10.3969/j. issn. 1003 —7985.2012.02.014]

vestigations on the water content changes in embankment
subgrade soil during the post-compaction state” . It ap-
pears that under a given environmental and climatic re-
gime, the water content of subgrade soil eventually rea-
ches equilibrium after construction and this is referred to
as the equilibrium water content'® .
characteristic curve'™ has been extensively used in the
study of the unsaturated soil and it relates to the water
content and soil matric suction, the equilibrium water
content can be represented by the soil suction and it is
correlated to the average value of the Thornthwaite cli-
matic index I,. The Thornthwaite climatic index is a
characteristic of a site’s climatic influence over a distinct
period"' .
equilibrium soil suction value of subgrade soil can be de-
termined based on the average I value and the soil index
properties.

Modulus E presents the stress-strain behaviour of soil
and it has been widely used in various constitutive models
of soils.
and the stress state of soils. Therefore, it is important to
understand the influence of water content variations on the
modulus. A number of experimental investigations have

focused on the relationship of the suction or water content
][74& 10-12] .

Since the soil water

For instance, Perana et al. "' advised that the

The modulus is sensitive to the water content

with the modulus of soi
vestigations, the modulus is related to the soil suction,

and higher soil suction results in a higher modulus. Some
[4, 13

From the previous in-

recent studies™ "' have also investigated the influence of
matric suction on the small-strain shear modulus.

Recently, interest in directly introducing water content
into the assessment of the mechanical behaviour of the un-
saturated soil has increased markedly'*". This is be-
cause the measurement of suction is often tedious and
time-consuming while the measurement of the water con-
tent is simple and economical. It is a suitable choice to
use the water content replacing the suction, at least for
engineering practice.

The objective of this study, therefore, focuses on rela-
ting the modulus of the unsaturated compacted soil to the
water content. Knowing the relationship between the
modulus and the water content for a given soil type and
the compaction effort, the change in the modulus of the
compacted soil can be estimated from the given ranges of
the equilibrium water content value over the service life of
a series of constant water

the embankment. Therefore,
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content triaxial tests are conducted on samples compacted
with various initial water contents and compacted samples
after drying and wetting in an unsaturated state.

1 Materials and Method
1.1 Material

The soils used in this investigation are obtained from the
Nafferton Farm near Newcastle upon Tyne, UK. The soil
is sampled at 2.0 m depth under the ground surface. In or-
der to reduce the variations in densities of the compacted
samples, the material is sieved through a 2.0 mm sieve to

remove large particles.
shown in Tab. 1. The clay has a low plasticity with a lig-
uid limit of 43.3% and a plastic limit of 23. 7% . Based
on the wet sieving and hydrometer analysis, the soil used
in this research consists of 27. 8% sand and 72.2% fines
(37.7% silt and 34. 5% clay). The clay activity of the
soil material is 0. 57, classifying the soil as an inactive
clay. The optimum water content and the maximum dry
density are w,, =15% and vy, =1.719 mg/ m’ with a
modified proctor procedure,
1377,

The properties of the soil are

in accordance with BS

Tab.1 Property parameters of the soil

Particle size distribution/%

Water content/% Special gravity Liquid limit/% Plastic limit/% Plasticity index Sand Silt Clay
(>0.075 mm) (0.075 t0 0.002 mm) ( < 0.002 mm)
22.6 2.70 43.3 23.7 19.6 27.8 37.7 34.5

1.2 Sample preparation

The soil is dried in the atmosphere and then is sieved
through a 2.0 mm mesh to remove large particles. After
the soil is oven dried for a minimum period of 24 h, a de-
sired distilled water is added to achieve the desired water
content. A kitchen stand mixer is used to mix the water
into the clay for a total mixing time of 10 min. Upon the
completion of mixing, the soil is put into a plastic bag
and is left to equalise for 24 h for homogenisation of the
water content within the soil. Finally, the soil is compac-
ted using a dynamic compaction machine.

Samples are compacted as 100 mm in diameter and 200
mm in height with the modified proctor procedure, in ac-
cordance with BS 1377""". Since the field embankment
fill is usually compacted with an optimum water content,
in order to study the effect of the initial compaction water
content, the samples are compacted at three different lev-
els of compaction water content: 7% wet of optimum,
5% wet of optimum and near optimum with the modified
proctor effort. After compaction, the sample is extracted
from the mold and its initial weight, height and diameter
are measured.

In addition, to simulate the in-service water content of
the soil under various climate conditions, it is decided to
perform constant water triaxial tests on samples with dif-
ferent water contents under the same initial conditions. In
other words, samples with similar water content will be
subjected to drying or wetting procedures, prior to the tri-
axial testing, in order to replicate different stages of the
subgrade in service with various climate conditions'”".

The drying procedure employed is air drying. Samples
are left to dry in the atmosphere, while the sample mass
is continuously measured. This is carried out inside a
temperature controlled laboratory to ensure constant con-
ditions (temperature) while drying. As soon as the sam-

ple reaches the target mass (and hence target water con-
tent), it is wrapped in a cling film and left to equalise.
By sealing the sample and allowing a period of equalisati-
on, the water inside the sample should distribute in a
more homogeneous form.

The procedure to increase the water content within the
sample is a more laborious system when compared to the
drying procedure. The samples are subjected to the wetting
process developed by Mendes'” by using mini-foggers.
After wetting, the samples are wrapped in a cling film and

! verified that this method can

left to equalise. Mendes'"
wet the samples homogeneously and uniformly.

Tab. 2 summarizes the compacted water content, the
water content after drying and wetting processes, the dry
density, the void ratio and the degree of saturation of the
specimen. Each test is identified in the forms Cxx(yy) by
the compacted water content (xx) and the confining pres-
sure (yy) for compacted samples, Dxx-zz(yy) for sam-
ples dried from the compacted water content ( xx) to the
water content before the triaxial test (zz) and Wxx-zz
(yy) for samples wetted from the compacted water con-
tent ( xx) to the water content before the triaxial test

(zz).
1.3 Test methods

Constant water content tests are carried out on all the
samples listed in Tab. 2 using the Wykeham Farrance
double cell triaxial cell. The constant water content triaxi-
al test consists of two stages. First, the specimen is sub-
jected to constant water content compression under iso-
tropic conditions at a fixed confining pressure until the
volume stabilizes and the pore water pressure equilibrates.
Then the specimen is sheared under constant water content
conditions by increasing the deviator stress. In each test,
the shearing stage is continued to reach 20% strain to at-
tempt to observe ultimate conditions.
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Tab.2 Summary of samples for triaxial test

Compacted Water content Dry density/ . . Degree of
Test number L. 3 Void ratio X
water content/ % before triaxial test/ % (g-cm™) saturation/ %
C15(50) 14.77 14.77 1.839 0.47 87.91
C15(50) 14.75 14.75 1.931 0.48 83.77
C15(150) 15.17 15.17 1.815 0.49 83.80
C15(300) 14.62 14.62 1.837 0.47 83.87
W15-19(150) 15.21 18.45 1.715 0.58 93.83
W15-19(300) 15.44 19.37 1.693 0.60 90.56
W15-20(50) 14.61 19.70 1.732 0.56 96.51
W15-20(150) 15.09 19.75 1.667 0.62 95.84
W15-22(50) 14.67 22.00 1.659 0.63 94.43
C20(50) 19.41 19.41 1.748 0.55 96.08
C20(150) 19.77 19.77 1.728 0.56 94.77
C20(300) 19. 64 19. 64 1.728 0.57 93.55
C20(300) 20.17 20.17 1.709 0.58 93.69
D20-15(50) 19.72 15.08 1.828 0.48 85.11
D20-15(150) 19.15 15.56 1.792 0.51 82.76
D20-15(300) 18.75 15.19 1.816 0.49 84.05
W20-21(150) 19.24 20.68 1.677 0.61 95.12
W20-22(50) 19.40 21.53 1.709 0.58 96. 08
W20-22(300) 19.89 21.29 1.670 0.62 92.99
C22(50) 21.82 21.82 1.621 0.67 88.34
C22(150) 21.16 21.16 1.609 0.68 88.03
C22(300) 22.01 22.01 1.624 0.66 89.50
D22-20(50) 21.96 19.98 1.678 0.61 88.41
D22-20(150) 21.92 19.78 1.680 0.61 87.80
D22-20(150) 22.09 20.08 1.649 0.64 84.94
D22-19(150) 21.37 19.04 1.651 0.64 80. 84
D22-16(50) 21.45 16.84 1.782 0.52 88.13
D22-16(300) 21.00 15.80 1.811 0.49 86.65
D22-14(150) 21.74 13.97 1.930 0.48 79. 18

1.4 Definition of modulus

The modulus presents the stress-strain behaviour of
soils and it has been widely used in various constitutive
models of soils. The modulus is mathematically defined
by the ratio of the deviator stress to the axial strain'"*' | as
shown in Fig. 1. To investigate the influence of the non-
linear stress-strain characteristic of soils on the modulus,
three moduli are defined: the initial modulus with respect
to 0.5% axial strain E, ,,, the tangent modulus with re-
spect to the maximum deviator stress E,, and the tangent
modulus with respect to 50% maximum deviator stress
E,,. If the specimen exhibits a ductile behaviour in the
deviator stress and axial strain curve, the stress at 15% of

axial strain is regarded as the maximum deviator stress.

AT

Deviator stress

0.5A0

Axial strain

Fig.1 Definition of modulus

2 Test Results and Discussion
2.1 Typical stress-strain curves of compacted soil

Fig. 2 presents the typical deviator stress and axial
strain curves of compacted samples with similar initial
water content and samples subjected to drying or wetting
processes. It is clear that the sample with a low water
content, i.e., 15% , manifests brittle behaviour, show-
ing abrupt drops in post-peak stress with the strain. While
the samples with a high water content, i.e., 20% and
22% , become much more ductile, showing the stress in-
creasing gradually with the strain.

700
& 600 | »W20-22(50)
< 500 | [] D20—15(50)
£ 400 4C20(50)
5 300 |-
3 .
‘= 200 g
o
2100 m
0 1 1 ]
0 10 20 30

Axial strain/%

Fig.2 Typical deviator stress and axial strain curves of com-
pacted samples

The specimen subjected to the wetting procedure prior
to the triaxial testing leads to an increase in water con-
tent, indicating that the soil specimen absorbs water to



212

Zhang Dingwen, Liu Songyu, and Zhang Tao

reach equilibrium. This process leads to the volume of the
sample increasing and the density of the sample decrea-
sing when the specimen is wetted from a compacted con-
dition. Consequently, the modulus of the wetted speci-
men decreases compared with that of the compacted con-
dition. Contrarily, the drying process indicates the vol-
ume of the sample decreasing and the density of the sam-
ple increasing, which results in the increase in the modu-
lus. On the other hand, the wet of the optimum compac-
ted specimen tends to exhibit a weaker soil fabric with re-
spect to the optimum compacted specimen, which results
in a lower modulus.

2.2 Effect of water content on modulus

The relationships between the moduli and the water
content for specimens compacted with different water con-
tents and specimens drying and wetting to various water
contents are illustrated in Fig. 3. As expected, moduli in-
crease as the water content decreases (i. e. , following the
drying process) for the range of water contents measured.
A consistent tendency has also been observed by numer-

4,9-10, 12, 14

ous researchers' ', A good correlation can be ob-

served between the moduli ( E, ., Esx, E,) and water

content investigated, which can be expressed as a power
function as follows:

E=aw™’ (1)

where a and b are fitting parameters.

Fig. 3 also shows that higher moduli tend to occur for
the specimens with a lower water content, which is attribu-
ted to the high suction of the specimens with a lower water
content. The relationships between E,, or E, and the water
content show a higher coefficient of determination than that
between E,,, and the water content. The axial displace-
ment measure error due to the contact of the measurement
system may be responsible for this. It is also clear that
E ... exhibits a higher value than E,; and E, due to the
nonlinear stress and strain behaviour of the soil.

According to the desiccation cracking tests of the soil,
Kodikara et al. ' presented a relationship between the
modulus with respect to matric suction H and water con-
tent w as H =3E10w "7 where H is given in kilopas-
cals. The Young modulus E can be estimated by

E=H(1-2u) (2)

where g is the Possion ratio of the soil. A Poisson ratio of
0.45 can be used since the soil remains close to satura-
tion'”’. Therefore, the change of the Young modulus E
can be represented as

E:3E9W—4.0697 (3)

It is interesting that both sets of test results show simi-
lar trends and similar characteristics, although Kodikara
et al. """’ carried out the tests from the saturated soil (i. e.
a wide range of water content) while this study carries

out the tests on unsaturated compacted soil (i.e. a nar-
row range of water content). The different fitting param-
eters respond for different properties of the soil (i.e. ,
percent fines, mineral plasticity index ).
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Fig.3 Relationships between moduli and water content. (a)
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2.3 Effect of confining pressure on modulus

For the sake of simplicity, only the variation tendency
of E, is reported and discussed in the following sections.
Fig. 4 shows the variation tendency of E,, and the water
content with various confining pressures. It can be seen
that the increase in the confining pressure results in a
higher modulus due to a tighter soil particles structure. In
order to clearly comprehend the effects of the confining
pressure, the E, variation tendency is plotted with vari-
ous water contents in Fig.5. As shown in Figs.4 and 5,
the effects of the confining pressure on E,, becomes smal-
ler as the water content increases, although there is a cer-
tain variability in the test results.

However, compared with the influence of the water
content on E,, the confining pressure has a less remarka-
ble influence on E,,. According to Ref. [8], the suction
in a given soil may be approximated by the exponential
formula. A relatively small decrease in the water content
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of soil due to the drying results in a sharp suction increas-
ing in an unsaturated state, which yields a close soil parti-
cles structure. Therefore, the water content has a more dis-
tinct influence on E,, than the confining pressure.
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2.4 Effect of drying and wetting on modulus

In order to investigate the influence of water content
history (i. e., the dry and wetting processes) on the
modulus, test data in Fig. 3(b) is replotted in Fig. 6 for
each sample treatment type respectively (i.e., samples
tested at the compacted water content, wetting and drying
water contents, respectively ). It should be pointed out
that the samples in this study just experienced drying or
wetting processes once.

351
30 b A @ Compacted
. ® Wetting
25 A Drvi
8 Tying
S 20 $§
315
=
10 »
S5+ .#
0 I I I 1 I .* |
0 22 2

100 12 14 16 18 2
w/ %

4

Fig. 6 Effect of drying and wetting on E, of samples

As shown in Fig. 6, it is difficult to distinguish the in-
fluence of the water content history on the relationship be-
tween modulus E,; and the water content from this test re-
sults. Modulus E,, mainly depends on the water content.
It should be noted that the specimens in this study are just
subjected to a monotonous drying or wetting process.
Zhang et al. "™ reported that repeated drying and wetting
cycles irreversibly decrease the strength behaviours of un-
saturated soil; therefore, the influence of repeated drying
and wetting cycles on modulus E;, requires additional re-
search.

3 Conclusions

The behaviour of the modulus of compacted unsaturat-
ed soil is evaluated using the constant water content triaxi-
al tests. The compacted samples are prepared with differ-
ent compacted water contents. Moreover, to simulate the
in-service water content when soil is subjected to various
climate conditions, samples with a similar water content
are subjected to drying or wetting procedures prior to the
triaxial testing. The following conclusions can be drawn .

1) In general, moduli increase with the decrease in wa-
ter content. A power function is proposed to quantitative-
ly describe the relationship between moduli and water
contents. Test results reported in literature are used to
verify the proposed function. Different fitting parameters
represent different soil index properties.

2) The increase in the confining pressure results in a
higher modulus and the effect of the confining pressure on
the modulus becomes smaller as the water content increases.

3) The water content has a more remarkable influence
than the confining pressure on the tangent modulus due to
the sharp suction variation with water content variation.

4) Modulus E,, mainly depends on the water content.
The influence of repeated drying and wetting cycles on
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the modulus requires additional research.
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