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Compacted loess is widely used as a construction material in engineering practices. The compaction dry density and compaction
water content have significant effects on the hydromechanical behavior of compacted loess, thereby influencing the serviceability
and safety of engineering structures. The former was widely studied in previous studies, while the latter is rarely known. In this
study, the water retention, compression, and collapse behavior of compacted loess at different compaction water contents are
investigated through pressure plate and oedometer tests. Microstructure analysis was carried out for insight analysis of the test
results. The air entry value and yield stress of compacted loess decreased by 64% and 50%, respectively, with the compaction water
content increasing from 12.4% to 19.0%. This is due to the fact that the number of clods increases with increasing the compaction
water content, leading to many large-sized pores (i.e., diameter> 1,000 μm) and weaker soil skeletons. The influence of compaction
water content on the water retention and compression behavior of loess is more pronounced at lower compaction dry densities and
lower testing water contents, respectively. In addition, the specimen shows smaller collapse indexes at higher compaction water
contents, mainly because of the larger deformation induced by the initial compression.

1. Introduction

In engineering practices, the compacted loess is widely used as
the construction material, such as high-fills, embankments,
and landfill covers [1–5]. As a typical structural soil, the defor-
mation behavior of loess is significantly influenced by water
content. During rainfall infiltration or groundwater fluctua-
tion, compacted loess is subjected to wetting along the depth,
leading to settlement and cracking of engineering structures
[6, 7]. Therefore, it is significant to study the water retention
and deformation behavior of compacted loess for addressing
engineering issues in loess regions. Moreover, different com-
paction dry densities and compaction water contents result in
various particle arrangements and pore structures of com-
pacted soils [8–10], thereby affecting their water retention
and deformation behavior. So far, numerous studies have
been carried out on the water retention and deformation
behavior of compacted soil [11–13]. However, researches on
compacted loess have mainly focused on the influence of

compaction dry density. The effects of compaction water con-
tent on the microstructure (e.g., particle arrangement and
pore structure), water retention, and deformation behavior
of compacted loess have been received relatively less attention.

The relationship between water content and suction is
defined as the water retention curve (WRC), describing the
water-holding capacity of unsaturated soil. Considerable
progress has been made in the study of the WRC of com-
pacted loess, and factors influencing the WRC of loess
include dry density [14–16], temperature [9], wetting-drying
cycles [17], and stress state [18]. Zhao and Wang [15] mea-
sured WRCs of compacted loess at different dry densities
through pressure plate tests. Results showed that the water-
holding capacity of loess increased with increasing dry den-
sity. Liu et al. [14] found that the effects of dry density on
WRCs of compacted loess mainly appeared in air-entry value
(AEV) and residual water content, with little influence on the
desorption rate. Mu et al. [19] compared WRCs of natural
loess and compacted loess with the same dry density and
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water content. Their results showed that the AEV of com-
pacted loess was 75% higher than that of natural loess, and
the hysteresis in WRC of natural loess varies slightly with
wetting–drying cycles compared to compacted loess. Cheng
et al. [9] studied the effects of temperature on WRCs of loess
through triaxial tests. They found that the water-holding
capacity of loess decreased with increasing temperature.
Additionally, Wang et al. [20] concluded that the structural
differences induced by different compaction water contents,
which have significant effects on WRCs of loess. The water-
holding capacity increases with the compaction water con-
tent increasing from the dry side of optimum water content
to the optimum water content. The aforementioned study
focused on the compaction water content range below the
optimum water content, and there is a lack of research on the
range of compaction water content exceeding the optimum
water content.

As the deformation of loess reaches a stable state under a
given stress, the additional deformation induced by an
increase in water content is defined as wetting-induced
deformation. The deformation that occurs when the loess
is fully saturated is referred to as wetting-induced collapse.
Previous studies investigated the wetting-induced deforma-
tion and collapse of compacted loess, mainly through 1D
compression tests and isotropic compression tests. Huang
et al. [21] found that the total deformation induced by com-
pression and wetting of compacted loess decreases with
increasing the dry density, while the proportion of wetting-
induced deformation increases. Chen et al. [22] found that
the structure changes caused by compaction water content
have a significant influence on the compression behavior of
loess at the same dry density and water content. Yang et al.
[23] concluded that the initial water content, stress state, and
dry density affect the wetting-induced collapse of loess to
various extents. Wang et al. [24] found that under the
same stress conditions, the wetting-induced collapse and
peak collapse pressure of compacted loess increase with
increasing suction. The above literature review further dem-
onstrated that there have been more studies on the influence
of compaction dry density on water retention and deforma-
tion behavior of loess, while literatures considering the
effects of compaction water content are relatively scarce.

This study aims to investigate the effects of compaction
water content on the water retention, compression, and col-
lapse behavior of loess. To achieve this objective, a series of
compacted specimens with different compaction water con-
tents under given compaction densities are prepared. A com-
mercial pressure plate is used to obtain WRCs, while the
compression and collapse behavior are measured through a
modified 1D compression apparatus with suction monitor-
ing. In addition, microscopic analysis using a microscope is
carried out to study the microstructure of compacted loess at
different compaction water contents, which provides insight-
ful explanations for the experimental results.

2. Experimental Apparatus

TheWRCs were tested using the 1500F1 pressure plate appa-
ratus from SoilMoisture Equipment Corp., USA. The equip-
ment consists of three main components: an air pressure
control device, a pressure chamber, and a suction and drain-
age measurement device. The pressure chamber uses an axial
translation technique to control the soil suction. During the
test, the specimen is placed on a saturated ceramic disk inside
the pressure chamber (AEV: 5 bar), and the water reservoir
beneath the ceramic disk is connected to the atmosphere
through a plastic tube. By using the water reservoir beneath
the ceramic disk as the reference plane, the pore water pres-
sure (uw) in the specimen is zero. Different suctions (ua–uw)
are applied to the soil specimen by changing the air pressure
(ua) inside the pressure chamber. After reaching the equilib-
rium state, the soil specimen is removed from the pressure
chamber and weighed to calculate the water content at each
suction level. The suction equilibrium criterion is that the
water content variation of the specimen within 24 hr is less
than 0.04%. A more detailed description of the instrument is
given by Mu et al. [17].

The compression and collapse behavior were measured
using a modified oedometer. As shown in Figure 1, a hole
was drilled in the top cap to install a tensiometer with a
measurement range of 0–100 kPa. Prior to the test, the ten-
siometer was saturated using a chamber similar to that used
in a previous study [25]. The suction variation of the soil
specimen was measured during the compression and soaking
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FIGURE 1: The modified oedometer apparatus: (a) schematic diagram; (b) photograph.
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stages. Since constant water content condition is required
during the compression of the soil specimen, the consolida-
tion cell was covered with cling film. Wet tissue was also
filled around the oedometer ring to prevent moisture evapo-
ration during the experiment.

In addition, the microstructure analysis was carried out
using the Nikon SMZ1270 stereo microscope. This instru-
ment allows for high-resolution image capturing and proces-
sing, which is used to analyze the arrangement of soil
particles and pore structure.

3. Soil Property and Specimen Preparation

3.1. Soil Property. The loess used in this study was collected
from a filling site in Yan’an, Shaanxi Province. According to
the GB/T 50145 [26], the particle size distribution of the loess
is measured and shown in Figure 2. The loess contains 17.4%
clay-sized particles and 82.1% silt-sized particles. The plastic
limit and liquid limit are 13.1% and 30.9%, respectively,
according to ASTM [27] D4318-10. Based on the engineer-
ing classification for soil [26], the loess falls into the category
of low-plasticity clay. The optimum water content and max-
imum dry density, which are obtained through laboratory
proctor compaction tests [28], are 15.9% and 1.831 g/cm3,
respectively. In addition, the specific gravity of the tested
loess is 2.67.

3.2. Specimen Preparation. The collected loess is first placed
in an oven for drying. After drying, it is crushed and sieved
through a 2-mm sieve. Water is sprayed onto the loess to
achieve the predefined compaction water content. The loess
is sealed in a plastic bag for 24 hr to ensure moisture equali-
zation. The water content of the prepared loess is measured
to ensure that the predefined compaction water content is
reached with a deviation of less than 0.05%. For preparing
soil specimens, the required mass of wet loess is calculated
based on the predefined compaction dry density and com-
paction water content. The loess is uniformly compacted into
an odeometer ring (i.e., 70mm in diameter and 20mm in
height). The surface is then smoothed using a glass plate.

It should be noted that the compaction water content is
different from the testing water content during the tests.
When the compaction water content is lower than the testing
water content, water is dripped onto the surface of the speci-
men using a dropper to increase the moisture content. For
specimens with higher compaction water contents, the spec-
imen is allowed to air-dry naturally to achieve the predefined
testing water content. After the wetting or drying, the speci-
men is sealed in a plastic bag for moisture equalization.
During this period, the suction is measured using a tensiom-
eter to ensure that the suction is stabilized before carrying
out tests.

4. Test Program

The compaction curve of the tested loess is shown in Figure 3.
For the water retention tests, the dry densities of specimens
are 1.30 g/cm3 (S1), 1.53 g/cm3 (S2), and 1.76 g/cm3 (S3). The
compaction water contents are 12.4% (W1, dry side of opti-
mum water content), 15.9% (W2, optimum water content),
and 19.0% (W3, wet side of optimum water content). A total
of nine soil specimens were prepared. After preparation, the
specimens were first saturated in the pressure chamber and
suctions were applied to 400 kPa in steps.

For the compression tests, nine specimens were prepared
at a compaction dry density of ρd= 1.30 g/cm3 (S1) and
compaction water contents of 12.4% (W1), 15.9% (W2),
and 19.0% (W3). The specimens were then wetted or dried
to testing water contents of 14.7% (W1), 17.4% (W2), and
19.8% (W3). During the compression tests, a loading frame
was used to apply vertical loads up to 800 kPa using dead
weights. A dial gauge was used to measure the vertical dis-
placement of the soil specimens. The cutoff criterion for each
loading step is that the deformation is less than 0.001mm/hr
(volumetric strain rate less than 0.005%/hr).

For the collapse tests, three specimens were prepared at a
compaction dry density of 1.30 g/cm3 (S1) and compaction
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water contents of 12.4% (W1), 15.9% (W2), and 19.0% (W3).
The specimens were then subjected to wetting or air-drying
to achieve a water content of 14.7% (W1). Similar to the
compression tests, a loading frame was used to apply a verti-
cal load of 200 kPa, followed by soaking through water
immersion and then loading up to 800 kPa. The cutoff crite-
ria for each loading step and soaking are also similar to that
of compression tests (i.e., volumetric strain rate less than
0.005%/hr for at least 1 hr). More detailed test programs
for the water retention, compression, and collapse tests are
given in Table 1.

5. Result Interpretations

5.1. Microstructure Analysis. Figure 4 shows the microscopic
images of the specimens at the compaction dry density of
1.30 g/cm3 and different compaction water contents (i.e., dry

side of the optimum water content, optimum water content,
and wet side of the optimum water content). At the dry side
of optimum water content, silt and clay particles form aggre-
gates, with interaggregate pores between them. Moreover,
previous studies showed that there were intra-aggregate
pores between the silt/clay particles within the aggregates
[8]. The aggregates and bi-modal pore size distribution
were widely observed in previous studies on compacted silty
and clayey soils [8, 10, 29, 30]. At the optimum water content
and wet side of optimum water content, the images also show
aggregates and bi-modal pore size distributions. Further-
more, the sizes of the aggregates and interaggregate pores
gradually increase with an increase in the compaction water
content. Particularly, many large aggregates (i.e., >1,000 μm)
and interaggregate pores (i.e., >1,000 μm) are formed at the
wet side of optimum water content. This is because a large
number of clods are formed when the loess is mixed with

TABLE 1: Test programs of water retention, compression, and collapse tests.

Test no. Dry density, ρd (g/cm
3) Compaction water content, w (%) Testing water content, w (%)

S1-D
1.30

12.4
19.6S1-O 15.9

S1-W 19.0

S2-D
1.53

12.4
28.2S2-O 15.9

S2-W 19.0

S3-D
1.76

12.4
39.7S3-O 15.9

S3-W 19.0

S1-D-W1
12.4

14.7
S1-D-W2 17.4
S1-D-W3 39.7

S1-O-W1
1.30 15.9

14.7
S1-O-W2 17.4
S1-O-W3 39.7

S1-W-W1
19.0

14.7
S1-W-W2 17.4
S1-W-W3 39.7

S1-D-W1
1.30

12.4
14.7S1-O-W1 15.9

S1-W-W1 19.0

ðaÞ ðbÞ ðcÞ
FIGURE 4: Images of loess compacted at different water contents: (a) dry of optimum; (b) optimum; (c) wet of optimum.
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excessive water. These clods are relatively well preserved
under lower compaction efforts (i.e., compaction dry density:
1.30 g/cm3). The differences in particle arrangement and
pore structure of the specimens at different compaction
water contents have significant effects on their hydrome-
chanical properties, which will be discussed in detail in the
following sections. In practical engineering, the loess should
be avoided to compacted at the wet side of optimum water
content because of the formation of clods and large pores, as
shown in Figure 4(c). The former increases the compressibil-
ity of compacted loess, while the latter promotes preferential
flow under rainfall events. Both large compressibility and
preferential flow are adverse to the settlement and stability
control of infrastructure constructed with compacted loess.

5.2. Water Retention Behavior. Figure 5 shows the WRCs of
loess along the drying path at different compaction water
contents and compacted dry densities. For all specimens,
the degree of saturation exhibits highly nonlinear relation-
ships with respect to suction. The compaction water content
affects theWRCs with various extents at different compaction
dry densities. Furthermore, by comparing Figure 5(a)–5(c),
the effects of compaction water content on WRCs almost
diminish with increasing the compaction dry density from
1.30 to 1.73 g/cm3. Previous studies identified three key quan-
titative parameters for WRCs: AEV, desorption rate, and
residual water content [31]. The AEV is the suction in which
air first enters the soil pores, while the desorption rate repre-
sents the drainage rate. The residual water content is the water
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FIGURE 5: Water retention curves of specimens compacted at different water contents: (a) pd=1.3 g/cm3; (b) pd=1.53 g/cm3; (c) pd=1.73 g/cm3.
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content at the state where the water phase within the soil is
discontinuous and isolated within thin films of water sur-
rounding the soil and air [32].

Figure 6 shows the AEV and desorption rate of measured
WRCs at different compaction dry densities and compaction
water contents. At lower compaction dry densities (i.e., 1.3 and
1.53 g/cm3), the AEV decreases by 64% with increasing the
compaction water content from 12.4% to 19.0%. This is mainly
due to the formation of large pores in the specimens at higher
compaction water contents, as evidenced by the microstructure
analysis (see Figure 4(c)). At a higher dry density, i.e., 1.76 g/
cm3), the influence of compaction water content on the AEV is
insignificant (i.e., variation <1.5 kPa). This could be due to the
larger compaction effort that breaks large pores between clods,
resulting in a similar pore structure for the specimens at differ-
ent compaction water contents [33, 34]. At a given compaction
water content, the AEV increases with an increase in compac-
tion dry density, which is consistent with previous studies
[14–16]. On the other hand, the compaction water content
has minor effects on the desorption rate at a given compaction
dry density. This demonstrates that the desorption rate is pri-
marily related to the void ratio and is independent of the pore
structure. At a given compaction water content, the desorption
rate decreases with an increase in compaction dry density.

5.3. Compression Behavior. Figure 7 shows the compression
curves and variations in the suction of the specimens at different
compaction and testing water contents. Comparisons of
Figures 7(a), 7(c), and 7(e) show that the influence of compac-
tion water content on the compression curve decreases with
increasing the testing water content. In addition, the suction first
remains almost constant at low vertical stresses and decreases
with further increasing the vertical stress. Overall, higher com-
paction water contents allow the specimens to maintain larger
suctions during the compaction. Based on Casagrande’s [35]

method, the yield stresses determined from the compression
curves are presented in Figure 8. At a given testing water content
of 14.7% (W1), 17.4% (W2), and 39.7% (W3), the yield stress
decreases by 50.5%, 49.6%, and 18.5%, respectively, with the
compaction water content increasing from 12.4% to 19.0%.
These results demonstrate that the influence of compaction
water content on the compression behavior of loess is more
pronounced at lower testing water contents. This could be attrib-
uted to the coupling effects between the soil structure and suc-
tion, resulting in a stronger soil skeleton for specimens
compacted at the dry side of optimum water content and at
lower testing water contents. In addition, at a given compaction
water content, the yield stress decreases with an increase in the
testing water content. This can be explained by the suction-
induced skeleton hardening effects [10, 16, 36, 37]. In addition,
noted that the measured suctions at given water contents are
different between water retention and compression tests. This is
because the water retention tests are carried along a drying path,
while the suctions measured in the compression tests follow a
wetting path. Based on a previous study [38], there is a pro-
nounced hysteresis in WRCs between drying and wetting paths.

5.4. Collapse Behavior. Figure 9 shows the collapse curves
and suction variations of the specimens at different compac-
tion water contents and a testing water content of 14.7%. In
addition, the compression curves and suction variations of
the specimens at testing water contents of 14.7% and 39.7%
are also presented as references. The results indicate that the
deformation and suction variation before and after soaking
exhibit good agreement with the results obtained for the
specimens at testing water contents of 14.7% and 39.7%,
respectively. This is consistent with previous studies showing
that a good consistency was observed between the single- and
double-line methods for quantifying the loess collapse [19].
In addition, the good agreement demonstrates the reliability
of the experimental results in this study. Based on the ASTM
D5333-03 [39], the collapse index is defined as follows:

Ic ¼
Δe

1þ e0
; ð1Þ

where Δe represents the variation in the void ratio of the
specimen before and after wetting, and e0 represents the
initial void ratio. Based on Equation (1), the collapse indexes
were calculated for the specimens at different compaction
water contents, as shown in Figure 10. As the compaction
water content increases from 12.4% to 19.0%, the collapse
index decreases by 43.5%. This is primarily due to the fact
that higher compaction water contents result in greater com-
pression deformation under mechanical loading, thereby
forming a stiffer soil skeleton. Consequently, the subsequent
soaking-induced collapse is relatively smaller.

6. Summary and Conclusion

Based on laboratory tests, the influence of compaction water
content on the water retention, compression, and collapse
behavior of loess was investigated. Microscopic analysis was
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also carried out using a microscope to examine the micro-
structural differences of the compacted loess under different
compaction water contents and provide insights into the
interpretation of the test results. The main conclusions
obtained in this study are as follows:

(1) As the compaction water content increases, the aggre-
gate and pore sizes within the compacted loess
increase. This is mainly due to the interaction between
loess particles and water, resulting in the formation of
large clods.
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(2) The AEV decreases with an increase in compaction
water content at a given compaction dry density,
which is more pronounced at low compaction densi-
ties. In addition, the influence of compaction water
content on the desorption rate is insignificant.

(3) The yield stress of compacted loess decreases with an
increase in compaction water content, which is more
pronounced at low testingwater contents. This ismainly
due to the formation of clods with low stiffness at higher
compaction water contents, making the soil skeleton
more susceptible to compression. In addition, the speci-
mens at a compaction dry density of 1.3 g/cm3 show
smaller collapse indexes at higher compaction water
contents. This is because the specimen has a larger
deformation during the compression stage, resulting in
a stiff skeleton during the subsequent soaking. The
obtained results in this study are expected to provide
scientific guidance for the usage of compacted loess as
a construction material in practical engineering.
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