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(is study aimed to investigate the influence of loosely bound water (LBW) on the compressibility of compacted fine-grained soils
and accurately determine the soil’s compression index. Four fine-grained soils (i.e., heavy clay, heavy silt, lean clay, and lean silt)
and a coarse-grained soil were examined. (e volumetric flask method was used to measure the LBW contents of the five soils.
X-ray diffraction (XRD) analysis was then performed to test the mineral compositions and help explain the reason why the LBW
content varied between different soils. A concept of modified void ratio was proposed by assuming that LBW is a part of the solid
phase in soil. Subsequently, consolidation tests and permeability tests were conducted on saturated compacted specimens. (e
results show that the compression indexes or permeability coefficients tend to be the same for the soils with identical initial
modified void ratios. Consolidation tests were also carried out on the unsaturated compacted heavy silt of four different dry
densities prepared at a water content higher than the optimum.(ey show that the compression of unsaturated soil occurs if pore
air is discharged when the water content is less than the LBW content. (is confirms the previous assumption that LBW can be
regarded as a part of the soil solid phase. Amodified compression index was deduced and implemented to predict the settlement of
a road embankment. (e result suggests that the modified compression index is capable of calculating the compression of fine-
grained soils, whose water contents are higher than their LBW contents.

1. Introduction

Fine-grained soils are commonly encountered in the practice
of geotechnical engineering, making it crucial to understand
and predict their engineering behaviors, which are strongly
dependent on water contents. Previous studies have shown
that the water-holding capacity of soil affects its compression
characteristics [1, 2], and the loosely bound water (LBW),
the main form of water in fine-grained soil [3, 4], affects the
microstructure during the compression process. Soil com-
pression characteristics have consistently been the focus of
attention in engineering design and construction, as the
postconstruction soil settlement significantly affects the
safety and stability of superstructures. (erefore, it is

theoretically and practically important to study the effect of
LBW on soil compression characteristics.

(e compression of soil is a process that involves the
dissipation of pore water and air, particle movements, and
increased densities under the actions of loads [5]. (e soil
compressibility can be characterized by the compression
index (Cc). An accurate determination of Cc is required for a
better understanding of the mechanical properties of soil.
(e void ratio that greatly affects the compression process of
soil is a key parameter in the determination of Cc [6, 7].
Petersen et al. [8] found that the Cc value of clay was smaller
than that of silt at the same initial void ratio. Chu et al. [9]
pointed out that the mineral composition of soil affected the
soil compressibility. Sridharan and Jayadeva [10] presented
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that Cc was related to the specific surface area of soil par-
ticles. In the literature, many experimental and micro-
structural observations revealed that the consolidation and
compression processes of soil were also affected by LBW
[11, 12]. According to the diffuse-electric double layer
(DDL) theory [13], the water in soil can be classified into
three types, i.e., tightly bound water (TBW), LBW, and free
water. TBW is tightly adsorbed on the surfaces of soil
particles, and it gradually turns into LBW with weakening
action of the electric double layer. TBW has a strong vis-
cosity and cannot be removed entirely from the surfaces of
soil particles until the soil temperature is raised up to 200°C.
Because of its unique properties, TBW is generally incor-
porated as a part of soil particles in calculations [14].

Many studies, including nanoscale observations, have
revealed that the density of LBWwas higher than that of free
water [15–17]. It was found that the LBW content of fine-
grained soils was generally between 0.3% and 5.0% and the
LBW density ranged from 1.15 g/cm3 to 1.872 g/cm3

[14, 18, 19] and gradually became lower as the distance from
the particle surface increased [20]. (e montmorillonite
content of soil also greatly affected the content and density of
LBW [21–24]. Various studies reported different values for
the LBW density but failed to suggest a fixed value. LBW
could be converted into free water at temperatures above
50°C [17]. By oedometer tests, Shang et al. [25] observed that
the soil water content approximated the LBW content at a
consolidation pressure of 2MPa. Furthermore, many re-
searchers found that the DDL efficiently explained the
consolidation behavior of soil [26–29]. (e isomorphous
substitution of clay minerals occurs easily in fine-grained
soils, and low valence ions replace high valence ions,
resulting in a loss of positive and negative charges on the
surfaces of clay minerals. Cations and dipole water mole-
cules are adsorbed on the surfaces of soil particles due to
static electricity, which cannot easily discharge under ex-
ternal forces [18]. In the process of consolidation, the ex-
istence of the LBW film greatly reduces the soil permeability.

To the best of our knowledge, few studies have addressed
the effect of LBW on the compressibility of soil. (erefore,
one objective of this study was to determine the LBW
contents of different fine-grained soils using the volumetric
flask method and then to analyze the effects of LBW on the
consolidation characteristics of soil specimens. (e second
objective was to propose a modified mathematical equation
for the void ratio considering the LBW effects. Subsequently,
the modified compression index (Cc

′) was calculated by the
proposed equation and compared with the conventional Cc
value and the theoretical value determined based on the
work of Sridharan and Jayadeva [10]. Finally, the settlement
of a road embankment was predicted using Cc

′ and verified
with field data.

2. Modification of Void Ratio

Since LBW is usually hard to remove from soil [25, 30], it can
be regarded as a part of the solid phase in soil when the water
content is greater than the LBW content. In this study, the
assumption is also made to deduce the modified void ratio.

(us, the three-phase structure of soil can be illustrated in
Figure 1. (e LBW content is defined as

wg �
mg

ms

, (1)

where wg is the LBW content, mg is the LBWmass, andms is
the solid mass of soil.

(en, the volume of LBW can be calculated by

Vg �
mg

ρg

�
ρs

ρg

Vs · wg, (2)

where Vg is the LBW volume, ρg is the LBW density, ρs is the
density of the soil solid, and Vs is the solid volume of the soil.

(us, the volume of the soil solid phase including LBW
(Vs
′) can be calculated by

Vs
′ � Vs + Vg � Vs 1 +

ρs

ρg

wg . (3)

According to the definition of void ratio, the modified
void ratio that takes LBW into account can be calculated by

e′ �
V

Vs
′ − 1 �

Vs(e + 1)

Vs
′ − 1, (4)

where e′ is the modified void ratio and V is the total volume
of the soil.

Substituting Vs
′ from equation (3) into (4) yields the

expression of the modified void ratio:

e′ �
e + 1

1 + ρs/ρg wg

− 1. (5)

3. Experimental Program

3.1. Soil Samples. Four fine-grained soil samples were col-
lected from different cities in China: Xiangtan, Danzhou,
Zhuzhou, and Enshi. A coarse-grained soil sample was se-
lected from Changsha for comparison purposes. Particle size
analyses, Atterberg limit tests, and specific gravity tests were
performed on all of the soil samples. (e methylene blue
adsorption method was employed to determine the specific
surface area of soil particles [31]. (e basic physical prop-
erties of the soils are shown in Table 1. (e soil samples were
classified as per ASTM D2487: Xiangtan soil was heavy clay
(CH), Danzhou soil was heavy silt (MH), Zhuzhou soil was
lean clay (CL), Enshi soil was lean silt (ML), and Changsha
soil was clayey sand (SC).

3.2. X-Ray Diffraction Tests. XRD was used to identify the
clay minerals in different soils [32, 33]. (e collected soil
samples were dried and pulverized to obtain homogeneous
powders (less than 40 μm), and the angle was set from 3° to
80°. (e test results were characterized by the X-ray dif-
fraction pattern, from which different minerals (e.g., illite,
kaolinite, montmorillonite, and quartz) were identified by
matching the peaks to the known database of minerals. (e
matching process and the mineral quantification were re-
alized using the Match 3 XRD software.
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3.3. LBW Content Tests. (e surfaces of soil particles contain
hydroxyl and oxide layers. Water molecules pass through the
hydrogen bonding, van der Waals forces, ion exchange, etc.
and form a water film when they meet the bound water.
Researchers have determined the LBW density at different soil
water contents. It was reported that the LBW densities of soil
were 1.46 g/cm3, 1.27 g/cm3, and 1.16 g/cm3 at water contents
of 15%, 28%, and 46%, respectively [19]. Generally, in road
embankments, the water content is between 15% and 28% for
fine-grained soils. (us, an LBW density of 1.3 g/cm3, which
was the same as that suggested by Kurichetsky and Li [34], was
tentatively assumed in this study. Wu [13] proposed the
volumetric flask method to determine the LBW content. In
this method, the density of free water in clay is assumed to be
1.0 g/cm3. After the free water is transformed into LBW, the
volume of water in the volumetric flask shrinks due to the
increase in water density. (e LBW content of the sample was
calculated based on the total volume change in the volumetric
flask containing the soil and water.

(e test mechanism of the volumetric flask method is
shown in Figure 2. Two graduated volumetric flasks of
255mL capacity were used; their accuracy was within
0.05mL. To eliminate the influence of water evaporation,
one flask was used to measure the evaporation loss, while the
other was used to measure the change in the total volume of
soil and water. (e flasks were cleaned with deaired water
using an ultrasonic cleaner, and then they were oven-dried at

105°C for 12 hours. At 25°C temperature, the density of
distilled water was 0.997 g/cm3. To accurately measure
254mL distilled water, 253.24 g distilled water was put into
one of the volumetric flasks, and the water level was
recorded. (is flask was used to measure the evaporation
loss. (e soil sample was dried at 105°C for 8 hours [14]. 20 g
dried soil sample was put into a dry flask, and a particular
volume of distilled water was slowly poured into it. (e flask
was shaken to remove trapped air bubbles. To maintain a
constant temperature, both volumetric flasks were placed in
a 25°C temperature water bath. (e room temperature was
maintained at about 25°C to avoid any environmental in-
fluence. For both flasks, the liquid level was recorded every
24 hours. When the change in the liquid level of both flasks
was the same, the test was terminated. (e above procedure
was followed for all of the soil samples. Before testing the
LBW content, the LBW content of commercial standard
sand was tested by this method. Test results showed that the
measured LBW content of standard sand was almost zero,
which is consistent with the finding (less than 0.37%) re-
ported by Wang et al. [14]. (is implies that the LBW
content can be measured by the volumetric flask method.

3.4. Consolidation Tests on Saturated Soils. (is section aims
to understand the effect of LBWon the consolidation behavior
of saturated soils. One-dimensional consolidation tests were
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Figure 1: (ree-phase schematic diagram of soil considering LBW.

Table 1: Physical properties of different soil samples.

Collection
site

Particle
composition (%) Specific

surface area
(m2·g− 1)

Natural water
content (%)

Atterberg limit
Specific
gravity

United soil
classification

Clay Silt Sand
Liquid
limit wl

(%)

Plastic
limit wp

(%)

Plasticity
index PI (%)

Xiangtan 50.80 40.98 8.22 50.34 26.4 69.9 33.4 36.5 2.71 CH
Danzhou 48.00 32.50 19.50 40.78 36.1 57.2 31.3 25.9 2.73 MH
Zhuzhou 40.41 24.52 35.07 26.91 18.7 46.7 23.6 23.1 2.66 CL
Enshi 25.77 40.01 34.22 24.47 24.75 31.01 19.2 12.32 2.75 ML
Changsha 7.76 20.12 72.12 20.39 21.2 29.8 15.6 14.2 2.69 SC
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conducted based on Terzaghi’s consolidation theory. Because
the maximum dry density and the optimum water content of
the MH soil were about 1.61 g/cm3 and 23.0%, respectively, an
initial void ratio of 0.81 that corresponded to the void ratio at
93% compactness was considered for this type of soil during
specimen preparation. To eliminate the influence of void ratio,
the initial void ratio of 0.81 was also taken for the other four
soils. Consolidation tests were conducted with a consolidation
ring of 20mm in height and 61.8mm in diameter as per ASTM
D2435-11. According to the overburden pressure in the actual
embankment, a maximum pressure of 400 kPa was consid-
ered. Loading was applied in a consecutive order of 50 kPa,
100 kPa, 200 kPa, 300 kPa, and 400 kPa. After completion of
the tests, the soil specimens were put in an oven to determine
the water contents.

Consolidation tests were also conducted on saturated
soil samples prepared at an identical modified void ratio (e′).
Note that the tests could not be conducted at 93% com-
pactness of the MH soil because the difference in the LBW
contents of different soils would make the dry densities of
other soils, especially the SC soil with the lowest LBW
content, too high to be compacted easily, resulting in a waste
of materials and increased labor for compaction.(erefore, a
modified void ratio of 0.33 was used to ensure that the dry
density of the tested soil sample was within the compactness
commonly used in engineering practice.

3.5. Permeability Tests on Saturated Soils. Permeability tests
were carried out to evaluate the effect of LBW on the per-
meability coefficient in accordance with ASTMD5084.(e soil
specimens of CH, MH, CL, ML, and SC were prepared, con-
sidering the same initial void ratio of 0.81.(e specimens of four
fine-grained soils (i.e., CH,MH, CL, andML) were tested with a
falling-head permeability test device; the coarse-grained soil
(i.e., SC) was tested with a constant-head permeability test
apparatus. After considering the LBW content, the initial void
ratio was modified to 0.33 for all soil specimens. (e same
permeability tests were performed on the new soil specimens
that were 40mm in height and 61.8mm in diameter. After static
compaction, the samples were saturated in vacuum for 24
hours, and then they were used for permeability tests.

3.6. Consolidation Tests on Unsaturated Soils. To investigate
the effect of LBW on the compressibility of unsaturated soil
samples, consolidation tests were conducted on the MH soil.

Different dry densities (i.e., 1.46 g/cm3, 1.40 g/cm3,
1.38 g/cm3, and 1.33 g/cm3) and water contents (27%, 29.4%,
32%, and 34%) were considered during specimen prepa-
rations, and all water contents were on the wet side of the
optimum water content. After the soil specimens were
prepared, they were sealed and stored in a desiccator for
24 hours. (e test apparatus and the loading process were
the same as those for the saturated consolidation test, and
the tests were conducted as per ASTM D2435-11. To reduce
the loss of water due to evaporation, the consolidometer was
covered with a wet cloth during each test.

4. Results and Discussion

4.1. Verification of the LBW Density. (e LBW density was
previously assumed to be 1.3 g/cm3 based on the findings
reported in the literature. To verify the rationality of the
assumption, consolidation tests were conducted on satu-
rated MH and SC soil specimens with the same initial
modified void ratio (i.e., 0.33). (ree LBW densities of
1.2 g/cm3, 1.3 g/cm3, and 1.4 g/cm3 were considered when
calculating the modified void ratio. (e compression of the
specimens with time is illustrated in Figure 3. It is observed
that when the LBW density was assumed to be 1.2 g/cm3 or
1.4 g/cm3, the compression curves obviously vary between
different soils. By contrast, when an LBW density of
1.3 g/cm3 was considered, the compression curves of dif-
ferent soils approximate. (is indicates that it is reasonable
to assume the LBW density to be 1.3 g/cm3.

(erefore, equation (5) can be rewritten as

e′ �
e + 1

1 + ρs/1.3( wg

− 1. (6)

4.2.Mineral Compositions ofDifferent Soils. (e XRD results
in Figures 4 and 5 show that the five soil samples all con-
tained a large amount of quartz and minor montmorillonite;
however, their illite and kaolinite contents were quite dif-
ferent. And the mineral compositions of all soil samples are
summarized in Table 2.

Montmorillonite, illite, and kaolinite are clay minerals that
have a high affinity for water due to their small particle size and
high surface activity.(is affinity for water can be attributed to
hydrogen bonding (oxygen or hydroxyl molecules attract the
hydrogen of water), van der Waals attractions, and charged

Free water

VF Oven-dried soil VF+LBW+S

VS = (MS/ρw25°CGS)

Evaporation loss

LBW
Soil particle

Free water

∆V

Figure 2: Procedure for measuring the LBW content. Note: ΔV is the reduction in volume of free water converted to loosely bound water;
LBW is the loosely bound water.
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surface-dipole attractions [35]. Among these different types of
bonding, hydrogen bonding is the strongest and is considered
to be the primary reason for the swelling of expansive soils
after water absorption [36]. In the clay-water system, some
water molecular layers, designated as LBW, surround clay
particles and are tightly held by clay particle surfaces [37]. In
this study, the clay mineral content of CH was higher than
those of the other soils; hence, the CH soil had the highest
water-holding capacity.

4.3. LBW Contents of Different Soils. (e LBW content was
calculated by the following equation:

wg �
ρgρwt

ρg − ρwt

·
ΔV
ms

, (7)

where ρwt is the bulk density of free water at 25°C and ΔV is
the change in total volume when the water is converted from
free water to LBW and can be calculated by

ΔV �
ms

ρs

− Vt, (8)

where Vt is the change in water volume in the volumetric
flask.

Table 3 shows that the LBW contents of the five soil
samples were different. It is observed that the LBW content
increased with the increasing clay content. (is is because
clay particles have large surface energy and strong bonding
capacity to form bound water. Moreover, the LBW content
(wg) was slightly smaller than the plastic limit (wp). A
previous study [38] also stated that there was a linear
correlation between the LBW content and the plastic limit of
soil. (us, the following equation was derived by fitting the
experimental data reported in the literature as well as those
obtained in this study (see Figure 6):

wg � 0.8493wp. (9)

(e coefficient of determination of equation (9) is
R2 � 0.9897. (e determination of the LBW content is time-
consuming by laboratory tests; thus, equation (9) can be
used for this purpose.

4.4. Compressibility of Saturated Soils. (e relationship be-
tween the void ratio e and the overburden pressure p can
effectively predict the settlement of the soil [26]. (e e-log p
curves are presented in Figures 7 and 8. It is observed that
the void ratio of all five soils decreased with increasing
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Figure 3: Compression curves of MH and SC considering different LBW densities. (a) ρg � 1.2g/cm3. (b) ρg � 1.3g/cm3.
(c) ρg � 1.4g/cm3.

Advances in Civil Engineering 5



consolidation pressure, which can be explained by Terzaghi’s
consolidation theory. As the consolidation pressure varied
from 50 kPa to 400 kPa, the SC soil had the largest change in
the void ratio and the CH soil showed the lowest change

although they were prepared at the same initial conventional
void ratio. Table 3 shows that the LBW content was the
highest for the CH soil, whereas it was the lowest for the SC
soil. (erefore, the change in the void ratio can be explained
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Figure 4: X-ray diffraction patterns for different soil specimens. (a) CH soil. (b) MH soil. (c) CL soil. (d) ML soil. (e) SC soil.
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in terms of LBW contents. In the present range of con-
solidation pressure, free water was removed easily, but LBW
could not be removed due to the bonding force between the
water and soil particles, which is consistent with the findings
reported by Shang et al. [25] and Li et al. [39]. At a given
water content, the higher the LBW content, the lower the
free water content, and the smaller the change of the void
ratio during consolidation. Hence, it can be concluded that a
reduction in the void ratio is related to the LBW content.
Moreover, the LBW content increased, while the change in
the void ratio decreased with the increase in the clay content.
(e initial water content was higher than the corresponding
LBW content for all of the soil specimens. At a given water

content, when the LBW content is higher, the content of free
water is smaller, so there is less expulsion of water in
consolidation. (erefore, the change in the void ratio is less
for soils (e.g., CH) with a high LBW content.(e Cc values of
the soil specimens are shown in Table 4. It is noted that, for
soils with a greater LBW content, the Cc value is smaller,
revealing that the compressibility of soil is affected by the
LBW content. When LBW was considered a part of the solid
phase, the trend for all of the soil specimens was almost the
same, as can be seen in Figure 8.(e change in the void ratio
with consolidation pressure was nearly the same regardless
of soil types. Hence, it is reasonable to assume LBW to be a
part of the solid phase.
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Figure 5: Contents of quartz and clay minerals in different soils.

Table 2: Mineral compositions of different soil samples.

Sample
Mineral composition (%)

Quartz Montmorillonite Illite Kaolinite
CH 39.5 0.4 33.1 27.0
MH 69.1 1.2 11.5 18.2
CL 74.3 1.0 15.1 9.6
ML 85.8 0.6 6.5 7.1
SC 90.6 0.3 5.1 4.0

Table 3: Parallel LBW content tests on different soil samples.

Sample

Dry
soil
mass
(g)

Specific
gravity

Dry soil
volume
(cm3)

Distilled
water
volume
(mL)

Final
reading
(mL)

Solution
volume

increment
(mL)

Evaporation
(mL)

Solution
shrinking

volume (mL)

LBW
content
(%)

Average
value (%)

CH-1 27.10 2.71 10.00 243.00 250.92 7.92 0.20 2.09 30.06 30.14CH-2 27.10 10.00 243.00 250.91 7.91 0.20 2.09 30.22
MH-1 27.30 2.73 10.00 243.00 250.95 7.95 0.20 2.05 29.36 29.44MH-2 27.30 10.00 243.00 250.94 7.94 0.20 2.04 29.52
CL-1 26.60 2.66 10.00 243.00 251.56 8.56 0.20 1.44 20.04 20.12CL-2 26.60 10.00 243.00 251.57 8.57 0.20 1.43 20.20
ML-1 27.50 2.75 10.00 243.00 251.77 8.77 0.20 1.23 16.23 16.31ML-2 27.50 10.00 243.00 251.76 8.76 0.20 1.24 16.39
SC-1 26.90 2.69 10.00 243.00 251.97 8.97 0.20 1.03 13.37 13.21SC-2 26.90 10.00 243.00 251.99 8.99 0.20 1.01 13.05
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4.5. Permeability Coefficients of Saturated Soils. (e per-
meability coefficients (k) of saturated soil specimens are
presented in Table 5. It is noted that the k values of these soil
specimens were different. At the same initial conventional
void ratio, the soil (i.e., CH) with the largest LBW content
had the least k value in comparison with other soils. Because
free water cannot pass through LBW, the effective void for
flowing water is reduced as the LBW content increases.
Actually, the space occupied by LBW can be regarded as an
ineffective void, as explained by Zhang et al. [40]. As a result,
the presence of LBW in soil reduces its k value. However, the
k values of soil specimens prepared at the identical initial
modified void ratio were approximately the same. In other
words, the k values were almost equal for all soil specimens
when LBW was considered a part of the solid phase.

4.6. Compressibility of Unsaturated Soils. Table 6 presents the
degrees of saturation of the unsaturated MH soil before and
after consolidation tests. It shows that the degree of saturation
calculated from the conventional void ratio reached above
100%.(is was inconsistent with the actual situation caused by
the density problem of the water in soil, as mentioned by Villar
[41].(erefore, the degree of saturation was recalculated based
on the modified void ratio taking the density of LBW into
account. (e results indicate that the recalculated degree of
saturation was in accordance with common sense (Table 6).
Figure 9 illustrates the compressive behavior of the MH soil
with different initial dry densities and initial water contents. It
shows that the void ratio of soil specimens with the same dry
density varied with the change in the water content. At the
same water content, the larger the dry density of soil, the
smaller the change of the void ratio. (is is because a higher
dry density leads to a higher content of soil particles per
volume, and consequently, the soil has a stronger adsorption
capacity to bound water. (e discharge of pore gas constitutes
the main part of the compression process.

(e change in the conventional compression index of the
unsaturated MH soil is shown in Figure 10. Since the initial
water content of the soil specimens was smaller than the liquid
limit, the conventional compression index decreased with the
increase in the initial water content. When the water content
was lower than the LBW content, the water-adsorption film of
the soil particles thickened as the water content increased.
(erefore, the solid volume of the soil increased, and the
volume ratio of air became smaller. Because of the relatively
strong viscosity of LBW, it was difficult to discharge LBW at a
consolidation pressure of 1.6MPa [39]; this led to a decrease in
the compression index. (e water content was less than the
liquid limit although it had a value higher than the LBW
content. With the increase of the water content, the effect of
the DDL made LBW bind to the surfaces of soil particles at
certain viscosity and fluidity. Hence, the volume ratio of air
became smaller. At a consolidation pressure of 200 kPa, LBW
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Table 4: Compression indexes of different soil samples.

Sample CH MH CL ML SC
Cc 0.067 0.083 0.118 0.142 0.161

8 Advances in Civil Engineering



can migrate to adjacent soil particles; however, it remains
difficult to discharge. (e water contents of soil specimens
exhibited different decreases compared to the initial values. At
an initial dry density of 1.46 g/cm3 and an initial water content
of 34.0%, the water content of theMH soil decreased the most,
to reach a value of 32.74%. (is was larger than the LBW
content of the MH soil. (erefore, for unsaturated soil
specimens, when the initial water content was lower than the
LBW content, the soil compression was mainly due to the
discharge of pore air, and the water content was almost un-
changed after the experiment. When the initial water content
is higher than the LBW content, the soil compression process
involved the discharge of pore air, free water, and the out-
ermost water film on particle surfaces. After the test, the water
content was not lower than the LBW content, and LBW could
be considered a part of the solid phase.

(rough the consolidation and permeability tests of five
soil samples, the LBW content was found to have a sig-
nificant influence on the consolidation and compression of
the soil. In previous specifications, when calculating the
compression index of soil, all water in the soil was regarded
as free water. However, according to the results of LBW
content tests and consolidation tests, normative calculations
do not precisely match the engineering reality. In engi-
neering practice, the temperature of embankment fillers is
rarely higher than 25°C; even in hot and humid areas, the
temperature does not exceed 30°C. (us, the change in LBW
content is not more than 1% [42]. In addition, an on-site

investigation showed that the water content of a fine-grained
soil embankment increased yearly from an initial value to an
equilibrium one approaching the plastic limit in southern
China [43]. When the water content of soil reaches the
plastic limit, a full layer of LBW is formed [34]. In the
operation period, the LBW content of the fine-grained soil is
relatively stable in the service life of the embankment after
the water content reaches its equilibrium. LBW can thus be
regarded as a part of the solid phase of fine-grained soil.

5. Modified Compression Index and
Its Application

(e existence of LBW affects the pore characteristics and
consolidation behavior of fine-grained soils, as deduced
from the above-described consolidation and permeability
tests. To accurately predict the consolidation settlement of
soil, consolidation characteristics need to be predicted
correctly. In the present study, the compression index was
modified on the basis of the modified void ratio, and it was
used to predict the settlement of a road embankment.

5.1. Compression Index considering LBW. (e modified void
ratio can be obtained by substituting equation (9) into (6):

e′ �
e + 1

1 + ρs/1.3(  × 0.8493wp

− 1. (10)

Table 5: Permeability coefficients of soil samples with the same e0 or e0′ .

Sample e0 k (cm/s) e0′ k (cm/s)

CH

0.81

1.53×10− 6

0.33

7.57×10− 5

MH 4.47×10− 6 6.50×10− 5

CL 6.61× 10− 5 8.01× 10− 5

ML 6.95×10− 5 4.71× 10− 5

SC 1.15×10− 4 8.21× 10− 5

Note: e0 is the initial conventional void ratio; e0′ is the initial modified void ratio; k is the permeability coefficient.

Table 6: Degree of saturation of the MH soil before and after the consolidation test.

Water content (%) Dry density (g·cm− 3)
Degree of saturation calculated by the

conventional void ratio (e)
Degree of saturation calculated by the

modified void ratio (e′)
Initial value (%) Final value (%) Initial value (%) Final value (%)

34.0

1.46 107.08 115.72 85.75 93.64
1.41 99.53 112.48 79.67 90.04
1.38 95.26 109.04 76.25 87.28
1.33 88.72 102.05 71.70 82.97

32.0

1.46 100.90 111.13 79.51 87.57
1.41 93.68 104.84 73.81 82.62
1.38 89.65 99.58 66.12 73.98
1.33 83.91 93.88 17.18 11.80

29.4

1.46 92.59 103.31 71.23 78.81
1.41 86.06 96.33 66.20 74.10
1.38 82.37 93.28 63.36 71.76
1.33 77.46 89.16 59.58 68.90

27.0

1.46 85.13 96.42 65.49 74.17
1.41 79.04 89.20 60.80 68.61
1.38 75.46 86.60 58.19 66.62
1.33 70.80 81.56 54.46 62.74
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(e compression index is an important characteristic of
soil compression, and it can be calculated by the following
equation according to Terzaghi’s consolidation theory:

Cc �
Δe
Δ lgp

, (11)

where p is the consolidation pressure.
Based on the modified void ratio, a modified com-

pression index is obtained:

Cc
′ �
Δe′
Δ lgp

, (12)
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Figure 9: Compressive behavior of the unsaturated MH soil with different water contents and dry densities. (a) Water content 34.0%.
(b) Water content 32.0%. (c) Water content 29.4%. (d) Water content 27.0%.
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where Cc
′ is the modified compression index.

Combining equations (10)–(12), one can deduce the
following equation:

Cc
′ �
Δe′
Δ lgp

�
Cc

1 + Gs( /1.3) × 0.8493wp

. (13)

Sridharan and Jayadeva [10] proposed a theoretical
equation for the compression index from the microscopic
point of view, and the equation is expressed as

Cct �
GscwS × 10− 6

0.4367
�������
(n/εT)]

 , (14)

where Cct is the theoretical compression index; cw is the unit
weight of water; S is the specific surface area of soil particles;
n is the concentration of the pore liquid ions; ε is the di-
electric constant (78.54 F/m); v is the valency of the cation;
and T is Kelvin’s constant (298K).

Since equation (14) has a theoretical basis and con-
siders various factors that affect the compression index, the
results can be regarded as a benchmark for the com-
pression index. (e conventional compression indexes,
modified compression indexes, and theoretical compres-
sion indexes of the five saturated soils with an initial void
ratio of 0.81 were calculated, and the results are shown in
Figure 11. It is observed that conventional compression
indexes were obviously higher than theoretical values. By
contrast, modified compression indexes were quite close to
theoretical compression indexes calculated by the equation
proposed by Sridharan and Jayadeva [10]. (is indicates
that the modified compression index is better than the
conventional compression index in characterizing the
compressive behavior of fine-grained soils. Compared with
the theoretical compression index, the determination of
the modified compression index needs only macroscopic
parameters and thus does not need to conduct a series of
microscopic tests. In other words, the modified com-
pression index is more convenient for practical applica-
tions than the theoretical one and also more precise than
the conventional one.

5.2. Application of the Modified Compression Index. (e
modified compression index was used to predict the set-
tlement of an embankment section of the Wanning–Yangpu
highway in Hainan Province, China. (e humid climate in
Hainan Province makes it vital to pay special attention to the
embankment settlement after constructions. (e embank-
ment was 8.0m high and 12.25m wide. It was filled with a
locally available fine-grained soil (i.e., MH clay), whose
physical properties are shown in Table 1. To observe the
settlement after construction, two monitoring tubes were set
up, with one (S1) located on the bottom of the embankment
and the other (S2) located on the top of the embankment.
(e installation of the upper settlement tube is shown in
Figure 12(a). (us, the difference between the readings of S2
and S1 could be regarded as the settlement of the em-
bankment. Also, the embankment settlement was calculated
from the conventional compression index and modified
compression index based on the layerwise summation
method as recommended by the Chinese standard (JTGD30-
2015):

St � 
n

i�1

Hi

1 + e0i

Ccilg
p0i + Δpi

p0i

 , (15)

where St is the total settlement; Hi is the thickness of the
layer i; e0i is the initial void ratio of the layer i; Cci is the
compression index of the layer i; p0i is the self-weight stress
of the layer i; and Δpi is the additional stress of the layer i.

(e settlement of the embankment was monitored for
360 days, and the results are shown in Figure 12(b). It is
observed that the readings of the monitoring tubes (i.e., S1
and S2) stabilized gradually, and the final settlement of the
embankment was approximately 73.3mm. (e total settle-
ments of the embankment calculated using Cc and Cc

′ were
113.5mm and 70.7mm, respectively. Obviously, the set-
tlement calculated by Cc

′ was closer to the measured one,
while Cc overestimated the settlement.(is indicates that the
modified compression index can effectively predict the
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settlement of fine-grained soil embankments. (erefore, it is
reasonable to consider the effect of LBW in evaluating the
compressibility of fine-grained soils. It should be mentioned
that the prediction of embankment settlements can be
greatly improved using themodified compression index, and
the prediction results still deviate a lot from the measured
data due to the variability of soil properties in the field
[44–46]. (us, the future work could be done by taking the
variability and uncertainty of soil parameters into
consideration.

6. Conclusions

(is study investigated the effects of LBW on the com-
pressibility of compacted fine-grained soils. (e LBW
density of 1.3 g/cm3 was assumed for the measurement. (e
modified void ratio was introduced, and LBW was con-
sidered a part of the solid phase of soil. (e settlement of an
embankment was calculated based on the modified com-
pression index and compared with the field data. From the
present experimental studies, the following conclusions can
be drawn:

(1) It is confirmed that montmorillonite and illite greatly
affect the LBW content, and the LBW content varies
linearly with the plastic limit. Hence, for engineering
convenience, LBW can be estimated from the plastic
limit.

(2) For saturated fine-grained soil samples with the same
initial void ratio, the compression indexes and
permeability coefficients decrease with the increase
in the LBW content. When LBW is regarded as a part
of the solid phase in soil at the same modified void
ratio, the compression indexes and the permeability
coefficients of different soils tend to be the same.

(3) For unsaturated soils, the compression of soil during
consolidation is due to air discharge when the water
content is less than the LBW content, whereas the
compression of soil is due to the discharge of both air

and water when the water content is higher than the
LBW content. (is confirms the assumption that
LBW is a part of the solid phase.

(4) (e modified compression index determined based
on the modified void ratio is recommended for
calculating the compression of fine-grained soils
when the water content is higher than the LBW
content.
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