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Abstract
Loess is unsaturated soil that occurs in various locations on the surface of the Earth, and it is most widespread in the Chinese
Loess Plateau where it has caused many geotechnical problems and geohazards. To better understand the properties of unsatu-
rated loess, it is helpful to examine its soil–water retention curve (SWRC). In this study, a volumetric pressure plate extractor was
used to examine undisturbed, artificial, and remolded loess specimens to investigate the effects of the sampling site, structure
disturbance, grain size, and salt solution on their SWRCs. To better analyze the changes in the SWRCs of the loess samples, we
also determined their index properties, mineral compositions, specific surface areas (SSAs), cation exchange capacities (CECs),
and scanning electronmicroscopy (SEM). The results showed that the factors that affected their SWRCsmainly were attributable
to changes in the microstructure that resulted from differences in their physical natures, physical states, and salt solutions. Also,
there has a close link between the macroscopic soil–water retention curves and the microscopic structure characteristics of the
loess samples.
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Introduction

Loess is typically unsaturated soil on the Earth’s surface, and
it occurs extensively on the Chinese Loess Plateau. That loca-
tion has had many geotechnical problems and geohazards,

such as landslides, erosion, and settlement (Derbyshire
2001; Dijkstra et al. 2014; Zhang et al. 2018; Juang et al.
2019). Recently, land-creation projects have been launched
by cutting off hilltops and filling valleys in the Chinese
Loess Plateau (Zhang and Wang 2018; Zhang et al. 2019).
These mega-engineering projects have created large areas of
level ground for construction and agricultural activities (Juang
et al. 2019). As a result, the natural loess has undergone seri-
ous structural disturbances due to cutting, reconstitution, and
compaction. One of the vital tasks relative to the unsaturated
soil is to describe its behavior and properties by using SWRCs
(Fredlund and Rahardjo 1993; Lu and Likos 2004). Hence,
understanding the SWRCs of the unsaturated loess undoubt-
edly is of practical importance for solving geotechnical prob-
lems and mitigating geohazards.

The Chinese Loess Plateau is covered by sandy loess, silty
loess, and clayey loess (Lin and Liang 1982; Liu 1985;
Derbyshire, 2011), each of which has SWRCs that obviously
are quite different (Fredlund and Xing 1994; Leong and
Rahardjo 1997). Thus, various studies have developed differ-
ent models to predict the SWRCs of the three types of soils
(Brooks and Corey 1966; van Genuchten 1980; Fredlund and
Xing 1994; Aubertin et al. 2003). In these studies, the sand
had a steep drying curve that had an unsmooth inverse S-
shape. However, the silt had a flat and smooth inverse S-
shape curve, and the clay had a curve that resembled a
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parabola. The changes in types of soil determine its physical
nature, physical state, and structure. Generally, the physical
natures of soils are related to the constitution of the soil, such
as its mineral composition, fine-grain fraction, and the shape
of the grains. The physical state of the soil refers to its physical
parameters, such as its water content, density, and stress his-
tory (Cubrinovski and Ishihara 2002; Yilmaz and
Mollamahmutoglu 2009). Essentially, the term “structure” re-
fers to the combination of fabric, composition, and interparti-
cle forces (D’Elia and Picarelli 1998; Feda 2004). Previous
studies found that these factors have significant effects on the
SWRC of the soil (Fredlund and Rahardjo 1993; Lu and Likos
2004). Some studies also found that the clay mineral compo-
sitions, such as montmorillonite, illite, and gypsum, can affect
the content of residual water and the air-entry value due to
their different hydrophilic properties (Aldaood et al. 2015;
Pedarla et al. 2015). Also, the grain size fractions and grain
surface characteristics can change the slope, water retention,
and air-entry value of the SWRCs (Oades and Waters 1991;
James et al. 1997; Zapata et al. 2000; Puppala et al. 2006;
Rahardjo et al. 2012; Lourenço et al. 2017). Also, the shapes
of the SWRCs have been found to be related to the physical
state of the soil, e.g., its initial dry density, water content, and
deformation history (Gallipoli et al. 2003; Tarantino 2009;
Muñoz-Castelblanco et al. 2012; Ng et al. 2016; Jiang et al.
2017; Mu et al. 2020). Huang et al. (2010) and Zhang et al.
(2007) performed tests to determine the SWRCs of the natural
loess taken from different soil types in the Chinese Loess
Plateau. They used pedotransfer functions to estimate the
SWRCs of the loess based on its grain size distribution and
its other basic properties. It also was observed via in situ
monitoring that the change in the type of soil has a striking
influence on the SWRCs of the natural loess samples (Li et al.
2016). In addition, the initial dry density and water content
have impacts on the desaturation zones of the SWRCs of the
remolded loess (Jiang et al. 2017). Even though much is
known, there is still a need to improve our understanding of
both natural and remolded loess based on the differences that
have been observed in the physical state and structure of the
loess.

The properties and behavior of loess change readily due to
structural changes, which commonly are related to distur-
bances or the wetting–drying cycle. It was found in previous
studies that changes in the structure of loess produce apparent
differences in the SWRCs of natural, remolded, and
compacted loess (Muñoz-Castelblanco et al. 2012; Ng et al.
2016; Li et al. 2018; Mu et al. 2020). These studies also
showed that slight changes in the structure could result in
obvious adjustments of the micropores, causing the different
SWRCs of the samples of loess. Some researchers found that
the structural changes also have significant influences on the
shear strength and consolidation behavior of natural and
remolded loess (Zlatovic and Ishihara 2008; Jiang et al.

2012; Liu et al. 2016). It is obvious that the current land-
creation projects inevitably have disturbed and remolded the
structure of the natural loess in the Chinese Loess Plateau
(Zhang et al. 2019). Hence, it still is necessary to perform
systematic comparisons of the SWRCs of both the natural
and remolded loess because they are characteristic of spatio-
temporal features, i.e., typical spatial sites and soil layers.

The loess in the Chinese Loess Plateau contains some salts
(Lin and Liang 1982; Liu 1985). Studies have shown that salt
solutions have an excellent effect on the mechanical and infil-
tration behaviors of loess (Dijkstra et al. 1994; Wen and He
2012; Zhang et al. 2013, 2014; Zhang and Zhang 2018). Also,
artificial irrigation induced severe soil salinization in the agri-
cultural regions where loess was prevalent (Wen and He 2012;
Zhang and Wang 2018), resulting in changes in the chemical
properties of the pore water. However, it has been proven that
the physicochemical effects of salt solutions have significant
adverse effects on the SWRCs of fine-grained soils (Rao
1995; Thyagaraj and Rao 2010; Ravi and Rao 2013).
Research results have shown that increasing the concentration
of sodium chloride in solution decreases the water content at a
certain suction level on the SWRCs of bentonite–sand mix-
tures (Ravi and Rao 2013). Similar results also were observed
in the loam with different salt solutions (Xing et al. 2017).
Changes in the chemical composition of the pore water pro-
duce noticeable effects on the stability of slopes that are cov-
ered by loess (Dijkstra et al. 1994; Wen and He 2012; Zhang
et al. 2013, 2014), but very few studies have examined the
effect of salt solutions on the hydraulic properties of loess in
irrigated agricultural areas (Zhang and Zhang 2018). Little is
known about the effects of various cations and the concentra-
tion of solutions on the SWRCs of loess in these
environments.

The aim of this paper was to investigate the factors that
affect the SWRCs of Chinese loess. Thus, we used a volu-
metric pressure plate extractor to determine the SWRCs of
natural loess taken from six different spatial sites and soil
layers that provided variations in mineral composition, ini-
tial water content, density, and grain size. We examined the
remolded, artificially mixed, and salt-saturated loess to in-
vestigate the effects of the structure distribution, fine-grain
fraction, coarse-grain fraction, and salt solution on the
SWRCs of the samples. To better understand the factors
that affect the SWRCs of loess, we performed various tests
with samples of loess. These tests include determination of
soil parameters, including index property, grain size distri-
bution, specific surface area (SSA), and cation exchange
capacity (CEC), XRD mineral composition, and scanning
electron microscopy (SEM). Based on these results and
analyses, a better understanding of the properties and be-
havior of the unsaturated loess was attained, and it was
helpful in solving geotechnical problem and in mitigating
the potential geohazard in the unsaturated loess.
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Materials and methods

Materials

Samples

Six natural loess samples were taken from five sites where
loess typically exists from west to east in the Chinese Loess
Plateau. Five samples of Malan loess were taken, one each
fromXining City in Qinghai Province, Xiji County in Ningxia
Province, and three cities in Gansu Province, i.e., Lanzhou
City, Tianshui City, and Longnan City. Another Lishi loess
sample also was taken from Lanzhou City. In addition, to
study the effect of coarse grains, sand was taken from the
desert close to Minqing County in Gansu Province for the
preparation of artificial loess samples. The sand sample was
identified as SMQ. The specific sites from which the loess
samples were obtained are provided in Table 1 and in the
KMZ supplementary file.

Based on the sites from which the samples were collected,
the loess samples were identified as LXN, LXJ, LLZ1, LLZ2,
LTS, and LLN, and their properties are summarized in
Table 1. Their grain size distributions were determined using
the dry sieve and sedimentation methods (JGS 2010). Figure 1
presents results of the tests. The semi-quantitative mineral
compositions showed that quartz, calcite, and feldspar were
the dominant minerals with smaller amounts of clay (Table 2).
Loess samples typically are silty with a finer trend from the
west to the east (Fig. 1).

Solutions

Previous studies have indicated that the ions from sodium
chloride (i.e., Na+ and Cl− ions) are the predominant ions in
the spring water in the Chinese agricultural irrigation areas

and that K+, Mg2+, and Ca2+ also are common ions in the
water (Wen and He 2012; Zhang et al. 2013; Zhang and
Zhang 2018). Hence, two series of experiments were de-
signed to study the effect of pore water chemistry on the
SWRCs of salted loess. The aim of the first series of exper-
iments was to examine the impact of the concentration of
salt in the pore water with different concentrations of NaCl
solutions (i.e., 3, 6, 10, 12, 14, and 16% by weight). The
aim of the second series of experiments was to examine the
effects of various types of cations in pore water. To do so,
we dissolved potassium chloride (KCl), magnesium chlo-
ride (MgCl2), and calcium chloride (CaCl2) in de-aired,
distilled water at concentrations of 1 mol/L.

Sample preparation

We performed four groups of experiments to study the fac-
tors that affected the soil–water retention curve of Chinese
loess, including six undisturbed samples of loess, three
remolded samples of loess, nine artificial samples of loess,
and eleven samples of loess that had been treated with a salt
solution.

Undisturbed loess samples

The six undisturbed loess samples were used to investi-
gate the effect of the sampling site, which is essential for
the different soil properties. The natural loess blocks
were cut by a ring with an internal diameter of
6.18 cm and a height of 2 cm. The undisturbed loess
samples were identified as LXNU, LXJU, LLZ1U, LLZ2U,
LTSU, and LLNU according to their sampling sites, as
mentioned in “Samples.”

Table 1 Basic physicochemical
properties of six natural loess Property LXN LXJ LLZ1 LLZ2 LTS LLN

Specific gravity (Gs) 2.70 2.70 2.71 2.74 2.76 2.70

Initial moist density (g/cm3) 1.43 1.55 1.47 1.44 1.62 1.43

Initial water content (%) 9.91 9.1 14.37 11.31 12.35 8.44

Liquid limit (%) 27.71 25.04 28.33 34.65 34.76 32.88

Plastic limit (%) 15.00 14.76 16.36 17.19 16.92 17.60

Plasticity index 12.71 10.28 11.97 17.58 17.58 15.27

Average grain size (mm) 0.015 0.021 0.021 0.011 0.018 0.025

SSA (m2/g) 21.41 31.50 24.41 42.97 27.50 29.05

CEC (meq/100 g) 2.7 4.0 3.2 10.7 5.2 3.7

LXN, Malan loess from Xining City in Qinghai Province (36.254°, 101.754°); LXJ, Malan loess from Xiji County
in Ningxia Province (35.954°, 105.703°); LLZ1, Malan loess from Lanzhou City in Gansu Province (36.096°,
102.796°); LLZ2, Lishi loess from Lanzhou City in Gansu Province (36.097°, 102.796°); LTS, Malan loess from
Tianshui City in Gansu Province (34.948°, 105.179°); LLN, Malan loess of Longnan City in Gansu Province
(34.663°, 104.713°)
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Remolded loess samples

The three identical samples of natural loess, i.e., LLZ1, LTS,
and LLZ2, were used to study the effect of disturbing the struc-
ture. First, the samples were air-dried and passed through a 1-
mm sieve, after which they were oven-dried. This size of sieve
was selected because the grain sizes of the samples were less
than 1 mm. The oven-dried samples were wetted with water
and sealed in a plastic bag for 24 h to achieve a uniform
distribution of the moisture. Then, the wetted samples were
placed in a specially designed cube mold with 7-cm sides. An
automatic loading machine was used to prepare the square
samples. To attain a uniform density, the samples were placed
in three layers, and each layer was compacted to a designated
dry density to achieve the same initial water content and dry
density as the corresponding natural samples. Subsequently,
the square samples were cut by the same cutting ring method.
The three loess samples were termed as LLZ1R, LTSR, and
LLZ2R.

Artificial loess samples

Nine artificial loess samples were prepared to study the effects
of the fine grain and the coarse grain on the SWRCs. For the

fine-grain samples, the LTS loess was mixed into the LLZ1

loess at different proportions. The mass percentages of the
LTS loess in the mixtures were 10%, 20%, 30%, 40%, and
50%, and the mixed samples were recorded as LT10, LT20,
LT30, LT40, and LT50, respectively. For the coarse-grain series,
SMQ sand was mixed with LLZ1 loess at different proportions.
The mass percentages of sand were 5%, 10%, 20%, and 30%,
and the corresponding mixtures were recorded as LS05, LS10,
LS20, and LS30. The mixed samples were wet with water and
sealed in a plastic bag for 24 h to achieve a uniform distribu-
tion of the moisture. Then, all of the samples of the artificial
loess were obtained by the compaction technique and cutting,
as described in “Undisturbed loess samples” and “Remolded
loess samples.” All of the artificial loess samples had almost
the same initial dry density and water content. The index
properties and grain size distributions were examined accord-
ing to the methods suggested by the Japanese Geotechnical
Society (JGS 2010). Their basic properties are listed in
Table 3, and Fig. 2 is a plot of their grain size distribution
curves. It is interesting to note that there was no continuous
increase in the fine-grain fraction when the LTS loess was
mixed into the LLZ1 loess, while the artificial loess samples
became coarser as the percentage content of sand increased.
First, the results were related to the features of the grain. In
addition, the non-continuous changes may have been related
to the physicochemical effects that occurred in the process of
mixing the LTS and LLZ1 samples of loess, both of which had
almost the same grain size distribution (Fig. 1).

Loess samples treated with a salt solution

The LLZ1 loess sample was used to study the effect of the salt
solution on the SWRC, including the concentration of the salt
and type of cations. The oven-dried and sieved LLZ1 loess
samples were wetted using different salt solutions and sealed
in a plastic bag for 24 h to achieve uniform distribution of the
moisture. For the salt concentration series, the NaCl solutions
used to treat the loess samples were identified as LNaCl00,

Table 2 Mineral compositions of six natural loess

Loess Mass percent (%) Clay portion (%)

Quartz Calcite Anorthose K feldspar Hornblende Dolomite Hematite Gypsum Clay content I/S I K C

LXN 36.3 10.9 12.5 8.8 3.0 3.2 — 5.7 19.5 58 34 — 8

LXJ 45.6 15.9 7.9 1.4 17.6 3.1 — 1.1 23.2 70 26 — 4

LLZ1 47.8 12.7 8.8 2.5 — 5.6 1.0 — 21.5 56 35 4 5

LLZ2 47.9 1.3 12.0 2.1 — — — 1.0 35.7 54 43 — 3

LTS 40.6 12.7 6.7 — 4.4 6.8 0.9 4.1 23.8 46 45 9 —

LLN 35.6 13.3 7.9 1.2 — 0.9 — — 41.0 39 51 10 —

I/S, interlayered illite/smectite; I, illite; K, kaolinite; C, chlorite

Fig. 1 Grain size distribution curves of the six natural samples
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LNaCl03, LNaCl06, LNaCl10, LNaCl12, LNaCl14, and LNaCl16, which
corresponded to the NaCl concentrations of 0%, 3%, 6%,
10%, 12%, 14%, and 16% by weight. For the cation type
series, the loess samples treated with NaCl, KCl, MgCl2,
and CaCl2 solutions were termed as LNaCl, LKCl, LMgCl2, and
LCaCl2. The loess samples that were treated with the salt solu-
tion were compacted and cut in the same way as the artificial
loess samples, thereby maintaining the almost same dry den-
sity and water content during preparation. Table 4 lists their
basic properties. The grain size distributions of the treated
loess samples still were examined using the dry sieve and

sedimentation methods suggested by the Japanese
Geotechnical Society (JGS 2010). Figure 3 shows the grain
size distribution curves of all of the treated loess samples. The
fine-grain fraction increased as the concentration of NaCl in-
creased, which was due to the tighter arrangement that result-
ed from the decrease in the thickness of the double layer and
the increase in attractive forces in the clay particles. This trend
was consistent with the trends that were observed in similar
tests of fine-grain soils (Picornell et al. 1990), and this finding
also has been proved by previous studies performed with loess
that had been treated in NaCl solutions (Zhang et al. 2013,
2014). The coarse-grain fraction increased with higher
valency of the cations and the greater radii of the cations,
causing the aggregate to have a larger size. In general, these
changes can be attributed to the physicochemical effect be-
tween particles or aggregates due to the addition of the salt
solution to the fine particle soils.

Test programs

Before the SWRC was measured using a pressure plate appa-
ratus, all of the samples of loess were saturated in a humidor
with a vacuum pumping system for 2 h. Then, distilled water
and salt solutions were injected slowly into the sealed cham-
ber until all of the samples were saturated. The saturation was
calculated by measuring the masses of the samples before and
after the saturation process. Table 5 provides the changes in
the initial water content and the dry density for all of the
samples. The loess samples with high concentrations of
NaCl could not be thoroughly saturated. This was attributed
to their lower hydraulic conductivity due to being tightly
bound, which reduced the volume of the pores between the
particles (Zhang and Zhang 2018).

The SWRCs of the loess samples were determined using a
15-bar pressure plate extractor. The saturated loess samples
were placed in cutting rings described before on the high air-
entry ceramic disk in the sealed air pressure chamber. Then,
the samples were covered by a coarse porous stone and filter
paper. The matric suction was controlled by increasing the air

Table 3 Basic physicochemical
properties of mixed loess samples Property LT10 LT20 LT30 LT40 LT50 LS05 LS10 LS20 LS30

Specific gravity 2.72 2.73 2.74 2.75 2.67 2.70 2.70 2.71 2.69

Liquid limit (%) 26.92 28.14 28.08 27.97 25.01 26.85 26.94 24.49 23.24

Plastic limit (%) 15.87 16.38 16.76 17.18 16.94 16.58 17.05 14.08 14.38

Plasticity index 11.05 11.76 11.33 10.79 8.08 10.28 9.89 10.41 8.87

Average grain size (mm) 0.015 0.0156 0.016 0.0162 0.017 0.264 0.294 0.324 0.415

SSA (m2/g) 16.51 17.28 17.74 19.27 20.18 11.32 10.25 8.41 7.65

CEC (meq/100 g) 3.5 3.6 3.8 3.7 4.1 3.2 3.0 2.7 2.3

LT10, LT20, LT30, LT40, and LT50: mixtures of LTS TianshuiMalan loess and LLZ1 LanzhouMalan loess in a weight
percentage of 10%, 20%, 30%, 40%, and 50% of LTS. LS05, LS10, LS20, and LS30: mixtures of SMQ sand and LLZ1
Lanzhou Malan loess of Lanzhou in a weight percentage of 5%, 10%, 20%, and 30% of SMQ

Fig. 2 Grain size distribution curves of the artificial loess samples. a
Mixtures of LLZ1 loess and LTS loess; b mixtures of LLZ1 loess and
SMQ sand
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pressure. The pore water was drained as the matric suction
increased; equilibrium was reached when no additional water
flowed out at the bottom of the ceramic disk. Normally, the
elapsed time of the equilibrium state is approximately 3 days
to 1 week, depending on the permeability of the samples. At
the equilibrium condition, the loess samples were weighed,
and the corresponding volumetric water contents were calcu-
lated to obtain the SWRCs.

Test results

SWRCs of the undisturbed loess

Figure 4 shows the SWRCs of the six natural loess samples
from different sites and soil layers. The shapes of the SWRCs
depend on the physical state and physical nature of the
samples. For easy comparison, Fredlund (2000) distinguished
different desaturation zones in SWRC, i.e., the boundary ef-
fect zone (0.1–0.6 kPa), the primary transition zone (0.6–
10 kPa), the secondary transition zone (10–1050 kPa), and
the residual state of unsaturation (> 1050 kPa). Figure 4 shows
that the LLZ1U loess sample had no visible zone from the
boundary effect to the primary transition zone; however, the
LLZ1U Malan loess sample has a steep secondary transition
zone. The LXNU, LXJU, and LLNU Malan loess samples gener-
ally presented similar trends with increasing matric suction,
and their SWRCs were relatively smooth. Also, there were
little differences at the point close to the air-entry. The volu-
metric water content in the LXNU loess sample decreased more
rapidly than that in the LXJU and LLNU samples with increas-
ing matric suction. This observation was related to the differ-
ences in their mineral content and structure and, consequently,
the different physical states. Compared with the LXJU and
LLNU samples, the LXNU sample had the least clay content
and the lowest initial density (Tables 1 and 2), resulting in a
larger pore size and less cementation (Fig. 8). The results
indicated that, even for the same layers of loess, slight changes
in the physical state and physical nature can cause noticeable
impacts on the shapes and trends of their SWRCs.

The SWRCs of the LLZ2U Lishi and LTSU Malan loess
samples had no observed primary transition zone, and, in
comparison with the SWRCs of the other fourMalan samples,
there was little change in the secondary transition zone.
Figure 8 shows that their volumetric water contents deceased
much slower with increasing matric suction than the volumet-
ric water contents of the other four Malan samples, which was
due to their denser packing and more cementation with

Table 4 Basic physicochemical properties of salinized loess samples

Property LNaCl00 LNaCl03 LNaCl06 LNaCl10 LNaCl12 LNaCl14 LNaCl16 LNaCl LKCl LMgCl2 LCaCl2

Specific gravity (Gs) 2.71 2.72 2.73 2.74 2.74 2.74 2.74 2.74 2.72 2.53 2.67

Liquid limit (%) 28.33 27.60 26.72 25.49 24.68 24.53 24.08 25.49 27.00 25.66 21.08

Plastic limit (%) 16.36 15.94 15.98 15.20 14.30 13.92 13.80 15.20 15.94 15.23 13.11

Plasticity index 11.97 11.67 10.75 10.29 10.37 10.61 10.28 10.29 11.07 10.43 7.97

Average grain size (mm) 0.021 0.021 0.018 0.018 0.018 0.018 0.018 0.021 0.02 0.034 0.04

SSA (m2/g) 24.41 29.05 28.29 25.10 24.16 23.55 22.94 25.10 18.04 18.66 21.71

CEC (meq/100 g) 3.2 3.7 3.6 3.2 3.1 3.0 2.9 3.2 2.9 2.5 3.9

LNaCl00, LNaCl03, LNaCl06, LNaCl10, LNaCl12, LNaCl14, and LNaCl16: Lanzhou Malan loess treated with distill water and NaCl solution in a concentration of
3%, 6%, 10%, 12%, 14%, and 16%. LNaCl, LKCl, LMgCl2, and LCaCl2: Lanzhou Malan loess treated with NaCl, KCl, MgCl2, and CaCl2 solutions at
1 mol/L

Fig. 3 Grain size distribution curves of the LLZ1 loess samples treated by
salt solutions. a LLZ1 loess samples with different NaCl concentrations; b
LLZ1 loess samples with different cations
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smaller pore space. The SWRCs of the LLZ2U and LTSU sam-
ples had no essential differences in the shapes or variation
trends of their curves, and the curve of LLZ2U was under the
LTSU curve. This was due mainly to the fact that the LTSU

sample had a higher initial density than the LLZ2U sample
(Table 1), as they had almost basic properties, i.e., Atterberg
limits and structures (Table 1 and Fig. 8).

The five Malan loess samples that were collected at differ-
ent sites had similar physical characteristics, such as grain size

distribution and mineral composition, but differences were
observed in their physical states and structures. Hence, the
changes in the SWRCs of the same loess layers can be attrib-
uted to their joint influences. For loess samples from different
layers of soil, e.g., LLZ1U and LLZ2U, the physical characteris-
tics, such as their mineral compositions, may be a key factor
since the older strata have a greater clay content and fine grain,
resulting in higher specific surface area and denser packing.
These results suggest that the SWRCs of fine-grain soils de-
pend on multiple factors. Hence, it is necessary to analyze the
effect of the individual factors on SWRC.

SWRCs of remolded loess

Figure 5 compares the SWRCs of three undisturbed and
remolded samples. Figure 5a shows the SWRCs of the undis-
turbed LLZ1U and remolded LLZ1R loess samples. The SWRC
of LLZ1R shows a steep decrease in volumetric water content at
low matric suction, and no transition was observed for any of
the desaturation zones. In addition, its shape was similar to the
shapes of the LXNU, LXJU, and LLNU Malan samples. The
primary transition zone in the SWRCof LLZ1U occurred above
that of the SWRC of LLZ1R. Subsequently, the SWRCs of
LLZ1U and LLZ1R became almost the same in their secondary
transition zone. However, the SWRC of LLZ1R still showed a
slightly higher volumetric water content than the SWRC of
LLZ1U. The SWRCs of the LTSU and LTSR loess samples
(Fig. 5b) showed almost the same volumetric water content
for the undisturbed and remolded loess samples in both the
boundary effect zone and the primary transition zone, but,
after that, the volumetric water content of the LTSR sample
decreased more rapidly than that of the LTSU sample because
the matric suction was increased at the secondary transition
zone. Figure 5c shows that no differences were observed in
SWRCs of the undisturbed and remolding LLZ2U and LLZ2R

loess samples.
Because the same initial conditions were imposed, the un-

disturbed and remolded loess samples existed only in different
structures, as shown in Fig. 9. For the LLZ loess, the rapid

Table 5 Summary of pressure plate extractor test

Test no. Test type Before saturation After saturation

ρi wi e VW S

Natural property effect (undisturbed)

T01 LXNU 1.43 9.91 0.89 46.53 98.63

T02 LXJU 1.55 9.10 0.75 41.56 97.14

T03 LLZ1U 1.47 14.37 0.96 48.45 98.76

T04 LLZ2U 1.68 11.31 0.63 37.32 98.48

T05 LTSU 1.62 12.35 0.76 42.11 97.84

T06 LLNU 1.43 8.44 0.89 46.78 99.54

Structure disturbance effect (remolded)

T07 LZL1R 1.47 14.37 0.96 46.06 98.57

T08 LTSR 1.62 12.35 0.76 40.09 97.24

T09 LLZ2R 1.68 11.31 0.63 36.45 102.00

Fine-grain effect (artificial)

T10 LT10 1.51 15.75 0.81 43.19 96.62

T11 LT20 1.50 15.36 0.83 43.42 96.00

T12 LT30 1.51 15.12 0.81 43.56 97.17

T13 LT40 1.51 15.77 0.82 43.34 96.23

T14 LT50 1.50 15.76 0.78 43.60 99.51

Coarse-grain effect (artificial)

T15 LS05 1.49 15.66 0.81 41.73 93.25

T16 LS10 1.49 14.44 0.82 42.51 94.63

T17 LS20 1.51 14.39 0.80 41.53 93.75

T18 LS30 1.52 14.98 0.77 40.75 93.78

Salt concentration effect (remolded)

T19 LNaCl00 1.52 17.85 0.81 44.41 99.47

T20 LNaCl03 1.51 17.52 0.80 41.83 93.89

T21 LNaCl06 1.52 17.67 0.80 41.23 92.84

T22 LNaCl10 1.52 17.46 0.80 40.82 91.63

T23 LNaCl12 1.52 17.98 0.80 40.45 91.35

T24 LNaCl14 1.52 17.92 0.80 39.98 89.40

T25 LNaCl16 1.52 17.15 0.80 39.44 89.24

Cation type effect (remolded)

T26 LNaCl 1.51 13.60 0.74 40.24 94.47

T27 LKCl 1.52 14.55 0.79 43.33 98.06

T28 LCaCl2 1.52 14.29 0.75 41.62 96.91

T29 LMgCl2 1.52 13.62 0.67 39.27 98.02

ρi, initial dry density; wi, initial water content; e, initial ratio void; VW,
volumetric water content; S, saturation

Fig. 4 Soil–water retention curves of undisturbed loess samples
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decrease in volumetric water content at low matric suction is
related to larger aggregates and, subsequently, larger inter-
aggregate pores (i.e., pore space between aggregates) in the
remolded LLZU sample. However, in the secondary transition
zone, the slight increase in the volumetric water content resulted
from smaller intra-aggregate pores (i.e., pore space in an aggre-
gate), as shown in Fig. 9a. As the matric suction increased, the
more rapid decrease in the volumetric water content of the
SWRCs of the LTSU sample can be explained as follows. This

was due to the very slightly greater size of inter- and intra-
aggregate pores, resulting in the dispersion of the clay minerals
(Fig. 9b). Although some structural changes were observed
between the undisturbed and remolded LLZ2 loess samples,
the remolding caused very little difference in the aggregate
and its pores. As a result, no changes were observed in the
SWRCs of either the LLZ2U or the LLZ2R loess samples. In
general, the disturbance of the structure modified the size of
the aggregate and its pores, and, as a result, the different
SWRCs occurred in the undisturbed and remolded samples.

SWRCs of artificial loess at different grain size
distributions

Figure 6 shows the effects of grain size on the SWRCs of the
artificial loess samples. Figure 6a shows the effect of the fine
grain on the SWRCs of the LLZ1 and LTS samples. The shapes
of the SWRCs were similar to the shape of the SWRC of the
LLZ1R sample, i.e., they were smooth curves that had a slowly
descending trend. Moreover, the volumetric water contents of
all the artificial loess samples were less than that of LLZ1R at
saturation. As a result, their volumetric water contents were
higher than those of LLZ1R. Figure 6b shows the effect of
coarse grain on the SWRCs of the artificial samples produced
by mixing LLZ1 loess and SMQ sand. They had lower

Fig. 5 Soil–water retention curves of undisturbed and remolded loess
samples. a Undisturbed LLZ1U and remolded LLZ1R loess samples; b
undisturbed LTSU and remolded LTSR loess samples; c undisturbed
LLZ2U and remolded LLZ2R loess samples

Fig. 6 Soil–water retention curves of artificial loess samples. aMixtures
of LLZ1 and LTS loess; b mixtures of LLZ1 loess and SMQ sand
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volumetric water content at the lowmatric suction zone before
20 kPa. Subsequently, they only had a slight effect on the
SWRCs of the artificial loess samples that had increasing frac-
tions of coarse grain, which caused the increase in the volu-
metric water content at a given matric suction.

The volumetric water content of the SWRCs increased at
each givenmatric suction when the LLZ1 loess was mixed with
additional LTS loess. As a result, the artificial loess samples
had a higher specific surface area due to the increase in the
fine-grain fraction (Table 3). As a result, the artificial loess
with the finer grain sizes had the ability to hold more water
during desaturation. In contrast, the artificial loess samples
with coarser grain sizes had lower specific surface areas
(Table 3), which resulted in weaker water retention capacity
with increasing matric suction because the coarser grains and
the smaller specific surface area resulted in larger pore space.
It should be noted that the fine-grain fraction had a more
prominent influence on the SWRCs of the artificial loess than
the coarse-grain fraction.

SWRCs of remolded loess at different salt solutions

Figure 7a shows the effect of the concentrations of NaCl on
the SWRCs of the remolded loess samples. They had shapes

that were similar to the shapes of the remolded loess samples
that were saturated by the NaCl solution at different concen-
trations, and they had a slower descent trend than the SWRCs
of the remolded sample that was treated by distilled water
(LNaCl00). In addition, their foremost volumetric water con-
tents generally were lower than that of the LNaCl00 sample.
This was attributed to the fact that the loess samples had rel-
atively low saturation with increasing salt concentration. After
the boundary effect zone, the decrease in the volumetric water
content of the remolded samples of loess saturated by NaCl
solutions occurredmore slowly than that of the LNaCl00 sample
as the matric suction from the primary to the secondary tran-
sition zone was increased. As the concentrations of the NaCl
increased, fewer changes occurred in the volumetric water
contents of the samples at a given matric suction. This
reflected the adjustment in the structure that was induced by
changes in the ion concentration.

Figure 7b shows the effect of the types of cations on the
SWRCs of the remolded loess samples. At a given matric
suction, the volumetric water content became lower, follow-
ing the increasing sequence of Na+ < K+ < Ca2+ <Mg2+. This
means that such changes are related to the valence and the
radius of the hydrated ion, which impact the thickness of the
double electrode layer of clay surface modifying soil struc-
tures. Generally, a smaller hydrated ionic radius and a higher
valence can generate a more flocculated structure, resulting in
smaller pore spaces in soils. Hence, the water retention capac-
ity of the fine-grain soils is increased when the valence is
higher and the hydrated ionic radius is smaller.

Discussion

Structural effects

As suggested by D’Elia and Picarelli (1998) and Feda (2004),
structure is a combination of fabric, composition, and inter-
particle forces. Thus, structure is closely linked to the proper-
ties of a soil (Lambe and Whitman 1969; Mitchell and Soga
2006). Thus, it is very important to link the macroscopic be-
haviors and the microscopic characteristics, which are ob-
served via a scanning electron microscope (SEM) as a general
tool. Figure 8 shows the SEM images of six samples of un-
disturbed loess. The LXN, LXJ, and LLZ1 loess samples had
similar microscopic structures (Fig. 8a–c), such as their
shapes, their sizes, and the arrangement of particles or aggre-
gates at the microscopic scale. In addition, the three samples
have similar mineralogical and physical properties (Table 1
and Fig. 1). They have a bulk shape, and they have a chain
structure, which mainly includes edge–face contacts with
some micropores. Overall, the three samples have similar
soil–water retention behaviors. However, the SWRC of the
LLZ1 loess sample shows a steep decrease in the volumetric

Fig. 7 Soil–water retention curves of remolded loess samples. a Samples
saturated by different NaCl concentrations; b samples saturated by
different cations
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water content in the transition zone. This may be related to its
small amounts of clay minerals and clay particles, resulting in
a relatively loose packing with more micropore space. The
SWRC of the LLN loess sample was similar to those of the
LXN, LXJ, and LLZ1 loess samples. However, it had a slighter
decrease in the secondary transition zone because the LLN

loess sample contained more clay, which caused more cemen-
tation between particles and aggregates (Figs. 1 and 8e). The
LTS Malan and LLZ2 Lishi loess samples were taken from
different loess layers, but they had similar structures (Fig. 8d
and f). The two loess samples had dense packing with small
pore spaces, along with much clay cementation. Thus, their
volumetric water content decreased very slowly with

increasing matric suction in the secondary transition zone.
The LLZ2 Lishi loess sample that was deposited in an older
soil layer was compared with the LTSMalan loess sample, and
it was found to have more clay and fine-grain contents.
However, the SWRC of the LLZ2 loess was close to those of
the other four Malan loess samples. And here have the most
significant differences to the secondary transition zone of LTS
loess sample, which is a low initial density (Table 1). These
results suggest that the microstructure of the soil depends on
its mineral composition, grain size, and in situ physical state.

Figure 9 shows the differences between the SEM images of
the undisturbed samples and the remolded samples. The struc-
ture disturbance in the LLZ1 Malan remolded loess sample

Fig. 8 SEM images of the six
undisturbed samples. a LXJ Xiji
Malan loess; b LXNXiningMalan
loess; c LLZ1 Lanzhou Malan
loess; d LTS Tianshui Malan
loess; e LLN Longnan Malan
loess; f LLZ2 Lanzhou Lishi loess

Fig. 9 SEM images of the three
undisturbed and remolded
samples. a LLZ1 Lanzhou Malan
loess; b LTS Tianshui Malan
loess; c LLZ2 Lanzhou Lishi loess
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resulted in larger aggregates and, correspondingly, larger inter-
aggregate pore spaces (Fig. 9a). As a result, the decrease in the
volumetric water content at low matric suction is easier in the
remolded LLZ1R loess than in the undisturbed LLZ1U loess.

Figure 9b and c compare the differences between the mi-
crostructures of the LTS Malan and the LLZ2 Lishi loess sam-
ples before and after disturbances. A disturbance breaks the
clay cementation between particles and aggregates, thereby
changing the microstructures of the samples. The remolded
LTSR loess sample had more intra-aggregate pores than the
undisturbed LTSU loess. This explains why the decrease in
the volume of water content in the LTSR loess sample was
more rapid than that in the LTSU loess sample. Even the clay
cementation in the undisturbed LLZ2 loess sample was
destroyed, but the remolded LLZ2 loess sample still maintained
its dense packing due to its high content of clay. Hence, the
SWRCs of the undisturbed and remolded loess samples have
no apparent change. The results indicated that pore size has a
different effect on the different stages of desaturation of the
SWRCs. The inter-aggregate pore behaves as a stronger influ-
ence in the boundary effect zone, and the intra-aggregate has a
greater impact in the transition zone.

Physicochemical effects

The specific surface area (SSA) and cation exchange capacity
(CEC) of soils are very important for understanding the sur-
face properties of particles, and they also are crucial parame-
ters in the prediction of the behaviors of soils. When the LTS
loess sample was added to the LLZ1 sample, the result was
higher SSA and CEC values (Table 3). Thus, such a mixture
can retain more water in the pores of the soil. However, addi-
tional energy is required to remove the water during
desaturation. Hence, at a given matric suction, the volumetric
water content is lower in the SWRCs of the mixtures of LLZ1
and LTS loess, and it decreases as the fine-grain fraction in-
creases to a critical value. Subsequently, the LTS loess sample
dominates the change in volumetric water content due to its
increased matric suction. This finding is similar to that ob-
served by Gao and Sun (2017).

For mixtures of LLZ1 loess and SMQ sand, even though their
SSA and CEC regularly become smaller as the SMQ coarse-
grain fraction increases, their behavior with respect to soil–
water retention has no apparent changes. This is because there
are no marked differences in the structures of the mixed loess
samples while the coarse grain is being added. Hence, the
SWRCs of the samples with different SMQ sand fractions
(i.e., LLZ1R, LS05, LS10, LS20, and LS30) are almost the same.

Pore water chemistry effects

The pore water chemistry influences the hydro-mechanical
behaviors of soils through the changes in the structures of

the soil (Hawkins and Anson 1998; Montoro and Francisca
2010) that are caused by the compression of the diffused dou-
ble layer and the re-arrangement of particles (Moore 1991;
Wang and Siu 2006). The thickness of the diffused double
layer has a negative correlation with the concentration of cat-
ions and the valence of the pore water, and it is related posi-
tively to the ionic radius (Moore 1991; Rao 1995).
Consequently, the compression of the diffused double layer
reduces the diameters of the pores by reducing the distance
between particles (Nagaraj and Murthy 1983). Hence, the vol-
umetric water content of a loess sample that is saturated with
distilled water (LNaCl00) is higher than that of loess samples
saturated by various concentrations of NaCl solutions
(LNaCl03, LNaCl06, LNaCl10, LNaCl12, LNaCl16) in the boundary
effect zone of SWRCs. The compression of the diffusion layer
and the decrease of adsorbed water also are significant as the
valence of the cations increases. Thus, the volumetric water
content of the LCaCl2 and LMgCl2 loess samples at a critical
matric suction was lower than that of the LNaCl and LKCl

samples.
Previous studies have shown that the addition of the NaCl

solution changes the arrangement of the particles in the struc-
ture of the soil from face to face to edge to face due to the
increase in the electrostatic repulsion between the particles
(Zhang et al. 2014). This explains the decrease in the slopes
of the primary transition zone in SWRCs after the addition of
the NaCl solution. The pore water chemistry can modify the
structure of fine-grain soils, including the forces and arrange-
ments between particles or aggregates.

Conclusions

To study the factors that affect the SWRCs of Chinese loess,
we performed a series of pressure plate extractor tests on the
undisturbed, artificial, and remolded loess samples saturated
by distilled water and salt solutions. Based on the test results
presented above, we reached the following conclusions:

1. The fiveMalan undisturbed loess samples have almost the
same physical natures and different physical states and
structures, resulting in the change in their SWRCs.
However, their physical characteristics, such as mineral
composition and grain features, have a significant impact
on the SWRCs of the Lishi and Malan undisturbed loess
samples from different layers of soil.

2. The effect of the disturbance of the structures on the
SWRCs of the remolded loess samples depends on the
types of loess, because they produce different aggregate
sizes and different inter- and intra-aggregate pores during
remolding. The modification is related mainly to the dif-
fusion of the clay mineral and original damage to the
cementation.
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3. The effect of grain size on the SWRCs of the artificial
loess samples is related to the fine-grain and coarse-
grain fractions, which cause the changes in the features
of the grain and the size of the pores. When the artificial
loess samples have a greater fine-grain fraction, they can
acquire more water at a given suction due to their higher
specific surface area and smaller pore space. The fine-
grain fraction has a more prominent influence on the
SWRCs of the artificial loess than the coarse-grain
fraction.

4. The effect of the salt solution on the SWRCs of the
remolded loess is related to adjustment of the structure
due to different concentrations, valences, and radii of
the hydrated ions because the addition of the salt solution
modifies the interparticle forces of the soils and, conse-
quently, the changes in arrangement and pore between
particles or aggregates.
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