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Abstract
It is of great signi�cance to study the time-dependent mechanical properties of loess, as loess landslides
are closely related to them. The purpose of this study is to investigate the effect of moisture content on
instantaneous and time-dependent deformation, strength and failure behaviors of undisturbed loess
specimens from Nangou in Yan'an City, Shanxi Province, China, via triaxial shearing tests and multi-loading
triaxial creep tests under moisture contents of 5%, 10%, 17% and 22%. The results show that the time-
dependent deformation of loess increase with the moisture content, while the time-dependent deformation
rate decreases slowly. The soil deformation is divided into four stages based on the peak strain rate.
Furthermore, the instantaneous and long-term strength of loess decrease with increasing moisture content,
and the instantaneous strength decreases more than the long-term strength. The failure mode of
undisturbed loess changes from shear failure to homogeneous failure with increasing moisture content;
when the failure mode is shear failure, the thickness of the shear band that forms at the specimen surface
over time is smaller than the corresponding thickness that forms instantaneously. Finally, the macroscopic
morphology and microstructure of loess specimens were considered together to analyze the effect of
moisture content on the instantaneous and long-term mechanical behavior of loess and to discuss the
process of loess deformation to failure.

Introduction
With the help of the Belt and Road Initiative, the economy of the loess region in China has further developed,
but with the increasing intensity of human activities, the problems of geological disasters are increasing
rapidly, among which loess landslides pose a great threat to the safety of people's lives and urban
construction in loess regions ( Cui et al. 2018; Macfarlane 2009; Padilla et al. 2014; Smith 2015; Wen and
Jiang 2017; Wu et al. 1978). Through long-term monitoring and analysis of landslides, many scholars have
found that the time effect of soil is an important factor in inducing landslides (Dijkstra et al. 1994; Li et al.
2013; Wang et al. 1993). (Hu et al. 1965; Xin et al. 2016) carried out kinematic analysis of large landslides
on the Loess Plateau in Baoji, China, simulated the deformation mechanism of sliding-zone soil, and found
that the creep characteristic of sliding-zone soil induced the generation of landslides. (Yates et al. 2018)
conducted the instability mechanism of loess in Canterbury, New Zealand, and found that the creep
characteristics of saturated loess were the main cause of slope instability. (Wang et al. 2020) pointed out
that the creep behavior of loess was an important factor that induced the Baqiao landslide. Loess is the
building material and host material of foundation engineering construction in the Loess Plateau region of
China. It is very important to study the effect of time on the mechanical properties of loess, which can
provide an important theoretical basis for the advanced identi�cation of loess landslides.

At present, scholars have mainly studied the in�uence of different factors on the time dependence of soil
mechanical properties and established a model to simulate the change process of soil over time. The
methods used include laboratory tests (creep tests, stress relaxation tests), physical model tests, and in situ
�eld tests (Tang et al. 2020; Zhu and Yu 2015). For example, (Wang and Luo 2010) performed creep tests
on loess, analyzed the creep characteristics of loess under one-dimensional stress conditions, and proposed
an empirical formula to simulate the relationship between the shear modulus, consolidation stress and
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time. (Lei et al. 2015) analyzed the stability of loess slopes through a series of drainage triaxial creep tests
on loess samples. (Zhou et al. 2016) conducted a triaxial creep test of frozen soil under different con�ning
pressures and temperatures and established a rate-dependent constitutive model of frozen loess samples
based on multi-internal variable superplasticity theory. (Li et al. 2018) carried out a high-pressure
consolidation creep test and analyzed the in�uence of the initial moisture content, compactness,
consolidation pressure and other factors on the creep characteristics of remolded loess. (Chang et al. 2020)
studied the creep characteristics of Malan loess considering matric suction, connected the nonlinear
damper element in series with the Burgers model, combined with the functional relationship between the
viscoelastic modulus and matric suction, and established the stress-absorption-strain-time model (an
improved Burgers model). (Duan and Peng 2015; Tang et al. 2015) studied the in�uence of moisture
content on the time dependence of Q2 loess mechanical properties through triaxial creep testing. (Wang et
al. 2020) studied and analyzed the creep characteristics of loess from the Baqiao landslide, China, with
different moisture contents, proposed a method to determine its long-term strength, and modi�ed the
Burgers model to describe the accelerated creep state of the soil.

The key to preventing engineering problems and geological disasters is to understand the in�uence of the
time dependence of the soil mechanical properties and to analyze the generation and development of soil
mechanical properties (strength and deformation) with time. (Tan 1988) proposed a microstructural model
of Chinese loess, which could explain the sensitivity of the collapsibility and mechanical properties of this
macroporous loess to moisture content. (Chen et al. 2005) carried out a series of creep tests on undisturbed
soil and remolded soil and found that the deformation process of soil was actually a process of
consolidation and creep and that the proportion of these two kinds of deformation in terms of the total
deformation at any time depended on a variety of factors (stress level, drainage conditions, etc.). (Li and
Jiang 2010) analyzed the microstructure changes of remolded loess in the uniaxial creep process from CT
images and found that each layer of loess had a very complex fracture distribution; the cracks distributed
irregularly along the radial direction, and the transverse deformation was not obvious. (Yang et al. 2014)
carried out microstructure tests on dredged soft soil at multiple time points in the creep process, extracted
the variation in the particle and pore parameters, and studied the change in the microstructure in the creep
process. (Luo et al. 2016) conducted a one-dimensional secondary consolidation test and consolidated
undrained triaxial creep test on dredged soft clay, systematically analyzed the creep characteristics and
mechanism of this soft clay, and established a Merchant model with fractional derivatives. (Xie et al. 2018;
Zhou et al. 2020) studied the changes in the particle and pore structure of loess in different creep stages
through SEM and quantitatively studied the evolution characteristics of microscopic pores in the creep
process.

This paper is based on triaxial shear tests and triaxial creep tests on undisturbed loess from the Yan'an
area, Shaanxi Province, China. The aim of this work is to investigate the shear mechanical behavior of
undisturbed loess under the time effect during the shearing process, analyze the in�uence of moisture
content on the strength and deformation of undisturbed loess, study the variation in the time-dependent
deformation rate of undisturbed loess, categorize the deformation states of soil under long-term static
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loading, and explore the shear deformation process of undisturbed loess. This work is of great signi�cance
to the prevention of loess landslides.

Samples And Methods

2.1 Soil sample properties
The soil samples used in the present experimental tests were obtained from the foot of a slope at a side in
Nangou in Yan'an City, Shaanxi Province, China (Fig. 1). The soil was classi�ed as Malan loess; it was
yellowish brown, had a homogeneous fabric, and included many vertical joints. The natural mass moisture
content (ω, the moisture content referred to below is the mass moisture content) of the undisturbed loess
was 10%, and the natural density (ρ) was 1.55 g/cm3. Other physical properties are listed in Table 1.

Table 1
Physical parameters of the undisturbed loess in the natural state

G WP WL Ip Wsat ρd ρmax Grain content (%)

< 
0.005mm

0.005∼0.075mm 0.075∼2mm

2.71 16.9 29.1 12.2 32.69 1.409 1.72 8.34 74.19 17.47

Notes: ρd, Dry density (g/cm3); G, Speci�c gravity; W L, Liquid limit (%); W p, Plastic limit (%);Wsat,
saturated moisture content(%); ρmax, Maximum dry density(g/cm3).

2.2 Instruments
All the triaxial creep tests and triaxial shear tests were carried out on undisturbed loess using a soil
rheological triaxial testing machine (CSS-TSS10DL) at Chang’an University of China. This instrument is
composed of a host system, an axial measurement and control system, a con�ning pressure measurement
and control system, a pore water �ow measurement system, and a computer system. It can be used to
measure the short-term shear strength and rheological properties of soil. Under the control of a constant
load (0–10 kN) or constant deformation (0–20 mm), the changes in the axial stress or axial strain of the
specimen can be tested, as well as the pore water pressure (0–2 MPa) and pore water �ow (0–20 cm3)
inside the specimen.

2.3 Test methods
The test specimens were prepared from the undisturbed loess specimens to meet the required dimensions
of a diameter of 39.1 mm and a height of 80 mm. The air drying method and water �lm transfer method
were used to prepare loess specimens with a target moisture content, namely, 5%, 10%, 17%, and 22%. To
ensure a uniform moisture content distribution in the loess specimens, the specimens were kept in a sealed
container for approximately 48 h. In this test, considering the position of the loess at the sampling site, the
consolidated undrained method was adopted. The con�ning pressure (σ3) was selected to be 200 kPa. The
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ambient temperature of the experiment was controlled within (20 ± 1)°C. The speci�c test steps are as
follows:

(1) The shear strength (σf = (σ1-σ3)f) of undisturbed loess specimens with different moisture contents was
determined through a consolidated undrained triaxial shear test under a con�ning pressure of 200 kPa. The
shear rate of the test was kept constant at 0.06 mm·min− 1, and the test was stopped when the axial strain
reached 20%. During the test process, the axial stress and axial strain were recorded every 5 seconds. At the
end of the test, the con�ning pressure and axial stress were reduced to zero. The shear strength of the
specimen was obtained by the resulting stress-strain curve.

(2) A consolidated undrained triaxial creep test was performed on specimens with different moisture
contents in this study. The specimens were consolidated at a con�ning pressure of 200 kPa. The static load
value of the creep test was determined by the shear strength, which was obtained in the previous step. The
loading method of the creep test adopted multistage loading, divided into 6 loading levels (0.1σf, 0.2σf,
0.3σf, 0.4σf, 0.5σf, and 0.6σf). The speci�c scheme is shown in Table 2. During the process of the creep test,
the static load was maintained until the strain was stable and the subsequent level of load could be
applied. This step was repeated until the specimen failed. In this study, the criterion for creep stability is that
the deformation of the specimens was less than 0.01 mm within 12 h, according to Standard of the Ministry
of Water Resources of China (SL264-2001) and the suggestion by (Wang et al. 2020), the loading time of
each static level in this test was 24 h. In this study, failure occurred when the strain reached 15%.

Table 2
Loading scheme of triaxial creep test for the specimens

Loading
levels

Con�ning
pressure

Loading
method

Shearing
mode

Long-term static load
(kPa)

Creep
duration

5% 10% 17% 22%

First level 200 kPa multi-stage
loading

CU 84 58 47 32 24h

Second
level

168 116 94 64

Third level 252 174 141 96

Fourth
level

336 232 188 128

Fifth level 420 290 235 160

sixth level 504 348 282 192

Test Results
To distinguish the stress and strain obtained from the triaxial shear test and triaxial creep test, the stress
(strain) obtained from the triaxial shear test and triaxial creep test is called the instantaneous stress
(instantaneous strain) and time-dependent stress (time-dependent strain), respectively, in this paper.
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Therefore, this paper analyzes the instantaneous and time-dependent mechanical properties of undisturbed
loess under different moisture contents according to the test results.

3.1 Instantaneous stress-strain relationship of loess
To investigate the effect of moisture content on the instantaneous deformation characteristics of loess, the
results of the consolidated undrained triaxial shear tests under a con�ning pressure of 200 kPa are
considered. The instantaneous stress and strain curves of undisturbed loess under moisture contents of 5%,
10%, 17%, and 22% are shown in Fig. 2.

As shown in Fig. 2, the instantaneous deformation characteristics of undisturbed loess with different
moisture contents are different during the shear process. Under a low moisture content, the instantaneous
stress increases rapidly to the peak point at a relatively small strain (approximately 2%) and thereafter
gradually decreases, i.e., showing strain softening behavior. With increasing moisture content (from 5–10%,
17% and 22%), the instantaneous stress increases rapidly with strain, and then the instantaneous stress
remains stable or slowly increases with instantaneous strain. Thus, the stress-strain curve properties
change from strain softening to strain hardening. Additionally, the higher the moisture content is, the later
the in�ection point on the stress and strain curve and the lower the degree of strain hardening. Although the
instantaneous shear deformation characteristics of loess specimens with different moisture contents are
different, the instantaneous stress-strain curves can be divided into two stages: (1) when the instantaneous
strain is small, the instantaneous stress of loess specimens has a linear relationship with the instantaneous
strain (corresponding to the elastic deformation stage); (2) when the peak point/in�ection point of
instantaneous stress is reached, the range of increase in the instantaneous stress decreases considerably
with increasing strain (at this point, the loess specimens enter the stage of elastoplastic deformation).

The failure modes of undisturbed loess with different moisture contents are different. Under a low moisture
content (hard plastic soils with a strong structure), although the specimen does not bulge signi�cantly in
the radial direction, a continuous shear band that is clearly visible on the side of the specimen forms, and
its direction is oblique to the direction of major principal stress, i.e., shear failure (Fig. 2a and b). With
increasing moisture content, the soil structure decreases, and the failure mode of the specimens changes
from shear failure to homogeneous failure, which is characterized by uniform compaction of the whole
specimen without obvious bulging deformation or shear fracturing (Fig. 2c and d).

3.2 Time-dependent strain characteristics of loess
Based on the triaxial creep test, when the con�ning pressure is 200 kPa, the correlations between the total
time-dependent strain and time of undisturbed loess with different moisture contents at long-term static
load are shown in Fig. 3. To more accurately study the time-dependent strain characteristics of loess, the
Chen method (Tan and Kang, 1991) is adopted to obtain the time-dependent strain and time curves of loess
specimens under different moisture contents and different static load levels, as shown in Fig. 4.

The total strain of loess specimen mainly includes the instantaneous strain during the static loading stage
and the time-dependent strain during the static load stabilizing stage (Вялов 1987). As shown in the Fig. 3,
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with increasing static load, both the instantaneous deformation and the creep deformation of the loess
specimens increase. Under certain conditions, the deformation generated by large loads is far greater than
that generated by the accumulation of multiple small loads. Test results under a moisture content of 5%
and different static loads are selected as examples. The total deformation under the action of the �rst �ve
levels of load is 5.67 mm, and the deformation under the action of the sixth level of load is 12.8 mm, which
indicates the destruction of the soil specimen.

Figure 4 shows that the time-dependent strain of the undisturbed loess has nonlinear characteristics. The
curve of the change in time-dependent strain with time under long-term static loading can be divided into
three typical deformation stages, namely, the decelerated deformation stage, the steady-state deformation
stage and the accelerated deformation stage (Вялов 1987). According to Fig. 4, under the �rst �ve levels of
static loading, the specimens experience the decelerated deformation stage only. As the static load
continues to increase to level six, a specimen might continue to experience the deceleration stage (e.g., the
moisture contents of the specimens in Fig. 4b and Fig. 4d are 10% and 22%, respectively), the acceleration
stage and be destroyed immediately (e.g., the moisture content of the specimen in Fig. 4a is 5%), or the
acceleration stage and �nally break down after a short period of viscous �ow (e.g., the moisture content of
the specimen in Fig. 4c is 17%). Therefore, whether a specimen will undergo all three stages is related to the
selection of the long-term static load.

Figure 5 shows the different loading stages strain curves in the three-dimensional space of moisture (ω) –
long-term static load (σL) – strain(εt). The deformation characteristics of soil are different with increasing
moisture content, which is mainly re�ected in the following aspects: (1) The critical load value of specimens
decreases with the increase of moisture content. (2)The instantaneous deformation and time-dependent
deformation increases with moisture content. (3) With the increase of long-term static load, the
instantaneous deformation and time-dependent deformation increase, and the lower the moisture content,
the greater the degree of their change. In addition, with moisture content increase, it takes longer for
specimens to undergo the stable stage under long-term static loading (Fig. 4), and the failure mode of
undisturbed loess changes from shear failure (Fig. 3a) to homogeneous failure (Fig. 3b and c and d)

3.3 Time-dependent strain rate characteristics of loess
The strain rate can clearly and accurately re�ect the variation in soil deformation per unit time. To better
examine the effect of various factors (the moisture content, time and long-term static load) on loess
deformation, based on the data shown in Fig. 4, the relationship between the time-dependent strain rate of
the undisturbed loess with different moisture contents and time is shown in Fig. 6.

The in�uence of time on the strain rate of loess can be explained by Fig. 6: the strain rate of loess
specimens decreases with time under a low long-term static load. In the initial stage of load stabilization,
the strain rate decreases rapidly with time; as time increases, it remains almost constant and then
decreases to zero. However, when the long-term static load is high, the strain rate increases with time in the
initial stage, and as the strain rate increases to the peak point, it enters the decay stage, which is roughly the
same as the attenuation trend under the condition of a low long-term static load. The phenomenon of the
increase in strain rate can be interpreted as the fact that the internal resistance of the loess specimens
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cannot resist the applied force in a short time under a high static load, so the strain rate increases, and then
the internal structure of the soil is adjusted to a stable state to make it resistant to external forces, causing
the strain rate of the soil to decrease.

Figure 6 also clearly shows that the moisture content has a signi�cant effect on the strain rate and the
degree of variation under long-term static loading. The higher the moisture content is, the slower the soil
strain rate decay, the smaller the peak strain rate, and the longer the time to reach the stable stage. In
addition, the higher the moisture content is, the earlier the increase in the strain rate, and the longer the time
to reach the peak point of the strain rate.

The abovementioned �ndings suggest that the peak point of the strain rate is the critical point at which the
soil has the ability to resist external forces. According to the data in Fig. 6, the correlation between the peak
strain rate and long-term static load at different moisture contents is shown in Fig. 7.

Figure 7 shows that the peak strain rate does not always increase with the long-term static load. To more
accurately study the variation in peak rate, different moisture contents are comprehensively analyzed.
According to the comprehensive analysis, there may be three in�ection points of the peak strain rate of
loess specimens with different long-term static loads, which can be regarded as the critical points of the
transformation of the soil deformation state ((Вялов 1987) distinguished three critical stress levels, namely,
the elastic limit stress, �ow limit stress and complete failure stress according to the deformation state
characteristics of soil).

The quartic polynomial is used to �t the experimental data in Fig. 7, as shown in Fig. 7, and their
relationships are shown in Eq. (1):

  (1)
Clearly, the �tting data of the peak strain rate and long-term static load show good agreement with the
experimental data. Therefore, we obtain the critical stress of undisturbed loess with different moisture
contents from the data in Fig. 7, and the speci�c values are shown in Table 3.

Table 3
Long-term strength of undisturbed with different moisture content
Critical stress (kPa) Moisture content (%)

5 10 17 22

Elastic limit stress 133.11 72.87 39.63 47.43

Flow limit stress 248.61 224.93 182.45 139.1

Complete failure stress 515.54 325.15 246.55 180.79
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The state of stress, strain and energy have been considered to judge the failure and yielding of soil (Sun,
1999). In this paper, we study the variation in the strain rate of loess specimens with time, which is used as
a parameter to judge the deformation state of loess. The critical point from the �ow limit stress to the
complete failure stress is de�ned as the long-term strength.

3.4 Time-dependent strength characteristics of loess
To explore the strength characteristics of loess under the time-dependent strain state, the correlation
between stress and strain at different moisture contents and different times is shown in Fig. 7. Additionally,
the time points of 0 h, 0.3 h, 0.6 h, 1 h, 2 h, 4 h, 8 h, 12 h, 18 h, and 24 h were chosen for analysis.

Figure 8 shows that the stress-strain curves at different times and different moisture contents have
nonlinear characteristics. When the static load is small, the stress of the loess specimens is proportional to
the strain. With increasing static load, the stress-strain curves gradually change from linear to nonlinear and
then show distinct in�ection points. The in�ection point can be explained by the structural characteristics of
the undisturbed loess. This �nding is in agreement with a previous study conducted by (Yang 2011), who
concluded that the structure of soil is the main cause of the in�ection point and that the stress at the
in�ection point can be considered the structural yield strength of the soil. Moreover, the structure of the soil
decreases with increasing moisture content, which explains why the in�ection points of the curves of the
loess specimens with high moisture contents remain almost unchanged.

The strain-stress curves of loess specimens at different times and different moisture contents have
basically the same variation trend. The main phenomena are as follows: �rst, the strain of the loess
specimens increases with stress, and then the stress-strain curves bend in the horizontal direction (strain
axis). Furthermore, the stress-strain curves at different times exhibit obvious discrete phenomena, but their
degrees of discreteness are different. This paper takes the stress-strain curves of loess specimens with a
moisture content of 22% at different times as an example. There is an obvious discrete phenomenon
between the curves from t = 0 h to at t = 4 h, but the degree of discreteness gradually decreases. This can be
explained as the time-dependent strain of soil gradually transforming from the decelerated stage to the
steady-state stage. Under a long-term static load, the curve differences from t = 4 h to t = 24 h were minor.
This is interpreted to be due to the strain of soil entering the steady-state stage and the small in�uence of
the time effect on soil deformation.

The moisture content has a signi�cant effect on the degree of dispersion of the time-dependent stress-
strain curves at different times. The higher the moisture content is, the greater the degree of curve bending
to the transverse axis (strain axis), the smaller the discreteness in the decelerated stage, and the longer the
time required to enter the steady-state stage. For example, for the loess specimens with a moisture content
of 10%, the specimen deformation enters the steady-state stage when the long-term load is loaded for 8 h;
however, the specimen with a moisture content of 22% does not enter the steady-state stage when the long-
term static load is loaded for 12 h.

Discussion
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4.1 Effect of moisture content on the shear deformation of
loess
Natural sedimentary soils form various structures during long geological processes (Graham and Li 1985;
Jiang et al. 2014). Due to the resulting soil structure, the forms of the instantaneous stress-strain curve are
different under different conditions (i.e., strain hardening behavior, strain softening behavior, and strain
steady behavior) (Chen et al. 2004; Kruse et al. 2007; Shen and Chen 2002; Wen and Yan 2014; Xing et al.
2016). (Shen and Chen 2002) suggested that the stress-strain curve of structural geomaterials in the
instantaneous shear process is hardened or softened depending on whether the loss of cementation force
can be compensated by friction. For the undisturbed soil with 5% moisture content, the friction generated by
200 kPa of con�ning pressure is not enough to compensate for the loss of soil cementation stress under
the corresponding moisture content, so the soil deformation characteristics show a strain softening
behavior. The friction generated by soil specimens with water contents of 10%, 17% and 22% under 200 kPa
of con�ning pressure can completely compensate for the loss of the soil cementation stress during the
shear process, and the soil deformation characteristics show a strain hardening behavior.

In addition, the difference in the time-dependent strain of undisturbed loess is obvious under different
moisture contents. The strain and time curves of specimens with moisture contents of 10% and 22% were
compared, as shown in Fig. 9. This �gure indicates that compared with the loess specimens with low
moisture contents, the instantaneous deformation of the loess specimens with high moisture contents was
larger, the deformation attenuation rate was slower, and the start of the stable stage was delayed. This
�nding is consistent with previous research reported by (Tang et al. 2020; Wang et al. 2020). This
phenomenon can be explained by the in�uence of water on the soil microstructure shown in Fig. 10. Firstly,
the increase in moisture destroys the original equilibrium relationship of the soil particles, dissolves the
carbonate cements in the soil, weakens the cementation between soil particles, and increases the amount
of �ocs and clay materials at the contacts and on the surfaces of the particles. Secondly, the increase in
moisture destroys the connection between soil particles, reduces the soil particle group sizes, and makes
the skeleton particles of the specimens more irregular and fragmented. Then, the pore sizes decrease, but
the connectivity of pores increases (Hu et al. 2000; Luo et al. 2018). Moreover, with increasing moisture
content, the bound water �lm between soil particles becomes thicker, the lubrication between soil particles
increases, and the friction between soil particles decreases (Horn and Deere 1962; Lian et al. 2020; Xie et al.
2018; Xu et al. 2008), which makes the deformation of soil more likely. In addition, due to the poor drainage
conditions, the water cannot be fully discharged during the shearing process, and it will take a long time for
the soil particles to reach a stable equilibrium.

4.2 Moisture content effect on the shear strength of loess
Based on the test data shown in Table 3, the relationship between moisture content, shear strength and
long-term strength under 200 kPa is presented in Fig. 11.

As shown in Fig. 11, the shear strength of loess and moisture content have a negative logarithmic
relationship. In other words, both shear strength and long-term strength decrease with the increase of water
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content, and the degree of strength reduction decreases. Similar results were also observed from
conventional triaxial tests in a number of studies (Cui et al., 2019; Lian et al., 2019). The shear strength of
loess is mainly composed of the cohesion (c) and the friction strength (σtanφ). (Li, 2018; Nan et al., 2021)
found that the in�uence of water on the shear strength of soil is mainly the in�uence on the cohesion of soil
rather than the internal friction angle. The reason is that the internal friction angle of loess is mainly
affected by the internal factors such as soil density, particle grading, particle shape and mineral
composition(Zhao, 1994). The cohesion of loess consists of original cohesion (namely electrostatic force
and van der Waals force) solidi�ed cohesion (i.e. crystallization and cementation between particles) and
apparent cohesion (i.e. physicochemical effect of water �lm) (Li, 2014; Li et al., 2013; Milligan and Houlsby,
1984). The original cohesion is produced by the long-term pressure of geological time and is relatively
stable, while the solidi�ed cohesion and apparent cohesion are signi�cantly affected by external factors
such as time and water content, which are mainly re�ected in the following aspects: Firstly, when the water
content in the soil increases, the matric suction and the pore gas pressure decreases, the molecular
attraction and tension from the surface of the shrink �lms on the water-air interface decrease, thus leading
to the decrease of the apparent cohesion of the loess samples(Gu et al., 2019). Secondly, with the increase
of water content, the hydration �lm between clay cemented particles and non-water-resistant cemented
particles becomes thicker, the distance between soil particles increases, and the cementation strength
(solidi�ed cohesion) decreases(Li et al., 2019). In addition, water-soluble salts (e.g. fe-oxides, calcium
carbonate and gypsum) exist in the pores of soil in a dissolved state, which strengthens the condensation
of colloidal substances. When the water content increases, the decrease of water-soluble salts
concentration resulting in the chemical reactions such as ion exchange on the cement surface, which will
lead to clay expansion and dispersion, and reduce the cementation strength(Gao, 1979).

Figure 11 shows that the attenuation of the long-term strength (50.23%, from 325 kPa to 139.66 kPa) is less
than that of the instantaneous strength (61.98%, from 505kPa to 192kPa). This is mainly caused by the
loading of time. Figure 12 shows that compared with instantaneous loading, long-term loading can make
the soil particle arrangement denser and more orderly, mainly in terms of the face contacts; as the
compaction effect of the pores becomes more signi�cant, the particles become more uniform. Thus, as the
internal structure of the soil can fully enter the substable state under time, which reduces the weakening of
the soil strength caused by moisture content, the attenuation degree of the long-term strength of specimens
with moisture content is less than that of the instantaneous shear strength (Taylor and Merchant, 1940;
Zhao et al., 2020).

Under a consistent moisture content, the instantaneous strength of a loess specimen is greater than its
time-dependent strength. This can be explained by the destruction of the soil structure over time. From the
microscopic point of view (Fig. 12), compared with that under instantaneous shear, the soil structure of the
specimen under long-term shear is broken to a greater extent, there are more clay particles on the surface,
the number of macropores decreases more, and the number of micropores and small pores increases more.

4.3 Analysis of the shearing process of loess
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The strength of soil depends on its cohesion and friction (Chen et al. 2004; Schmertmann 1991). At the
beginning of shearing (the elastoplastic deformation stage), the strength of loess is mainly provided by
cohesion (the cementation force between soil particles). As shearing continues, the internal structure of
loess is damaged, and slip between particles occurs. With increasing strain, loess particles are compressed,
compacted and rearranged, and part of the primary pore structure is �lled with loess particles to form a new
secondary structure (Fig. 12b), which makes the loess structure reach a relatively stable state (elastoplastic
deformation stage), the strength of soil is mainly provided by the friction between particles. According to
the above analysis, the instantaneous shear process of loess can be regarded as the process of interparticle
bond damage (e.g., particle slippage, particle structure collapse, and particle damage), particle
recombination (e.g., compression, extrusion, and rearrangement) and �nally the formation of a relatively
stable structure (e.g., from an overhead structure system to an interlocked-cementation structure system)
(Nan et al. 2021; Taylor 1948; Wang 1997; Xu et al. 2019)

However, the variations in strength caused by interparticle bond damage and particle recombination are
related to time under certain factors (e.g., the viscosity of a water �lm around a solid particle in soil or the
connection of soil particles) (Chen et al. 2001; Вялов 1987), and the deformation of soil in the process of
internal stress adjustment is time-dependent deformation. Figure 4h is taken as an example to analyze the
generation and development of time-dependent strain in undisturbed loess. The deformation of loess
increases rapidly at the moment of loading, and the internal structure of the loess is damaged, This process
is the same as that under instantaneous shear. When the load is stable and continuously loaded, the loess
structure may still be damaged, but the soil particles are fully adjusted to form a relatively stable structure
in the loess so that the resistance (sum of cohesion and friction) generated by the loess and the damage
caused by the static load reach a relatively balanced state, and then the deformation of the loess tends to
be stable (�rst �ve loads). However, if the load is too large, even if the loess particles are constantly
adjusted, the resistance generated by the loess cannot resist the static load and cannot reach the relative
balance state, so the deformation of the loess continues to increase until the soil reaches a relatively stable
state. When the deformation reaches the critical value, it is declared that the loess specimen is destroyed
(sixth load). In conclusion, it is considered that the alternation process of soil particle structure adjustment
and damage after load stability is the process of time-dependent strain generation and development. This is
essentially the same as the conclusion obtained by (He 2008; Yang 2011).

In summary, regardless of instantaneous shear or long-term shear, the shear process of soil is a process in
which the internal stress of soil constantly adjusts to resist the external force. Compared with
instantaneous shear, long-term shear can allow the full interaction among soil particles over time (Fig. 12c:
directional arrangement of particles and more compact pores). However, the soil structure can also be
damaged over time (Fig. 12c: smaller particles and particles breakage). Especially when the external force
load is near the critical load, soil damage may occur under the condition of time. The higher the moisture
content is, the greater the difference between the instantaneous shear and the long-term shear, i.e., the time
dependence of the soil. Therefore, it is of great signi�cance to study the time dependence and mechanism
of loess mechanical properties to prevent disasters over time.
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Conclusions
The time-dependence mechanical properties of undisturbed loess is strongly in�uenced by the soil moisture
content. To investigate this effect, triaxial shear tests and multiloading triaxial creep tests were carried out
on undisturbed loess samples with different moisture contents. This paper presented the test results to
clarify the in�uence of moisture content on the deformation and strength of undisturbed loess and shear
process of loess. According to the test results and the abovementioned discussion, the following
conclusions were drawn:

The failure mode of undisturbed loess under a low moisture content is shear failure. With increasing
moisture content, the thickness of the shear band formed in a specimen decreases and even disappears,
and the failure mode changes from shear failure to homogeneous failure. Under the same moisture content,
the shear band of a specimen under long-term shear is less obvious than that under instantaneous shear.

The deformation of loess includes instantaneous deformation and time-dependent deformation, which are
positively correlated with the moisture content and static load. The strain rate and its decay rate are
negatively correlated with the moisture content. This is mainly because the increase in moisture destroys
the internal microstructure of the soil, which reduces the cementation force and the friction between soil
particles. In addition, there may be three in�ection points in the relationship between the peak deformation
rate and the static load, which can represent the critical points between different stages of time-dependent
deformation. Based on these points, the long-term strength of the soil can be determined.

At the same moisture content, the stress-strain curves at different moments have obvious discreteness and
nonlinearity, which decrease with increasing time. Then, the stress of undisturbed loess decreases with
increasing moisture content. With increasing moisture content from 5–22%, the instantaneous strength and
long-term strength decreased by 61.98% and 50.23%, respectively. The long-term strength decreases less
than the instantaneous strength because time weakens the effect of water on the soil strength, which can
be re�ected by the microstructural variations in loess.

The macroscopic shear behavior of undisturbed loess is essentially caused by a change in its
microstructure. The instantaneous shear process of loess can be regarded as the process of interparticle
bond damage (e.g., particle slippage, particle structure collapse, and particle damage) and particle
recombination (e.g., compression, extrusion, and rearrangement). The long-term shear process is an
alternating process of continuous adjustment and damage of the soil particle structure when the long-term
static load is stable.

The �ndings are of great signi�cance for understanding the effect of water on the time-dependency
mechanical properties of undisturbed loess. This study provides a theoretical basis for engineering
construction and geological disaster prevention in loess areas. In addition, this study on the in�uences of
water and time on the mechanical properties of loess from the mesoscopic viewpoint lays a foundation for
future systematic studies of the mechanism of loess time-dependent deformation from the microscale
perspective.
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Figures

Figure 1

Distribution of loess in China and locations of the sampling site in Yan 'an city
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Figure 2

Curves of instantaneous stress versus instantaneous strain and failure modes of undisturbed loess under
different moisture contents: (a) ω=5%; (b) ω=10% (c) ω=17%; (d) ω=22%. ω, moisture content; σ3 ,
con�ning pressure.
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Figure 3

Curves of total time-dependent strain and long static load versus time of undisturbed loess under different
moisture contents: (a) ω=5%; (b) ω=10% (c) ω=17%; (d) ω=22%. ω, moisture content; σ3 , con�ning
pressure; σf , shear strength.
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Figure 4

Curves of time-dependent strain versus time of undisturbed loess under different moisture contents: (a)
ω=5%; (b) ω=10% (c) ω=17%; (d) ω=22%. ω, moisture content; σ3 , con�ning pressure; σf , shear strength.
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Figure 5

Different loading stages strain curves in the three-dimensional space of ω-σL-εt.
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Figure 6

Curves of time-dependent strain rate versus time of undisturbed loess under different moisture contents: (a)
ω=5%; (b) ω=10% (c) ω=17%; (d) ω=22%. ω, moisture content; σ3 , con�ning pressure; σf , shear strength.
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Figure 7

Curves of peak of strain rate versus long-term static load of undisturbed loess under different moisture
contents: (a) ω=5%; (b) ω=10% (c) ω=17%; (d) ω=22%. ω, moisture content; σ3 , con�ning pressure.
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Figure 8

Curves of time-dependent stress versus time-dependent strain of undisturbed loess under different moisture
contents: (a) ω=5%; (b) ω=10% (c) ω=17%; (d) ω=22%. ω, moisture content; σ3 , con�ning pressure; t , time.
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Figure 9

Comparison of time-dependent strain and strain rate versus time curves with 10% and 22% moisture
contents: (a) time-dependent strain versus time (b) time-dependent strain rate versus time. ω, moisture
content; σ3 , con�ning pressure; σf , shear strength.

Figure 10

SEM images of the loess specimens under different contents before tests: (a) ω=10%, (b) ω=17%, (c)
ω=22%.ω, moisture content.
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Figure 11

Relationship between moisture content versus shear strength and long-term strength of undisturbed loess.

Figure 12
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SEM images of the 10% moisture content loess specimens before and after tests: (a) before test, (b) after
triaxial shear test, (c) after triaxial creep test.


