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Mechanisms of wetting-induced loess slope failures

Abstract Frequent occurrence of landslides induced by rainfall or
irrigation has seriously threatened the urban and rural develop-
ment in the Loess Plateau, China. The increase in pore water
pressure has been identified as a key factor for understanding
wetting-induced loess slopes failures. However, experimental stud-
ies are limited regarding the increase in pore water pressure of the
collapse loess from an initial negative value until failure occurs
under constant total stress condition. An old landslide with pro-
gressive retreat development at an early stage of the construction
of the Lvliang Airport was selected as a case study. Field surveys
including exploration wells and boreholes revealed very fresh
sliding shear planes and clearly visible cracks, suggesting the
creeping movement of the old landslide. In case of heavy rain or
long-term rainfall, this old landslide may be resurrected, threat-
ening the stability of the airport site. To examine the mechanism of
the failure induced by wetting for this unsaturated loess landslide,
loess specimens were taken from the field, followed by performing
a series of laboratory tests, including triaxial shear tests at constant
matric suctions and wetting tests at constant deviator stresses. The
test results revealed that the wetting-induced deformations of the
loess included volume and shear deformations, reflecting com-
pression and shearing behaviour induced by wetting. The failure
behaviour of the loess along a wetting path was dependent on the
stress level and the loss degree of matric suction as well as the
hydro-mechanical path, and could be well described by the linear
form of the Mohr-Coulomb strength theory. On this basis, the
threshold value of the stress level was identified, which could be
used to judge whether the wetting-induced failure of the loess
occurs. The threshold value of matric suction at failure was also
identified to analyse the loss degree of matric suction from stable
conditions to failure. The mechanism of the failure of the soil due
to wetting revealed from the present study could interpret the
rainfall-induced landslide in unsaturated loess.
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Introduction
In China, loess area is 6.31 × 105 km2, which predominantly dis-
tributes in northwestern China, covering several provinces
Xinjiang, Gansu, Ningxia, Shaanxi and Shanxi (Liu 1985). The loess
is mainly composed of silts, and its formation primarily involves
provenance, transportation and deposition (Zhang et al. 1987;
Derbyshire et al. 1998). As a result of such genesis, the loess
features remarkably open structure and collapsibility (Lin, 2008).
Loess features high void ratios and well-developed vertical joints
which facilitate water infiltration, and its structure is affected by
the cementation and arrangement of particles in sediment com-
position. With regard to collapsibility, the loess shows high shear
strength and stiffness under natural conditions, which is signifi-
cantly weakened once wetted, even while still being unsaturated
(Gao 1988; Lin and Wang 1988; Zhou et al. 2014). Because of these

properties, loess slopes are particularly susceptible to landslide
risk. Previous studies have revealed that the triggered factors for
loess landslides have both natural factors and human activities.
The natural factors include earthquakes (Wang and Zhang 1999;
Zhang and Wang 2007; Wang et al. 2014b), frozen-thawing (Wang
and Luo 2010), river erosion (Zhang and Liu 2010; Wang et al.
2019a) and rainfall (Xu and Zhang 2010; Zhang et al. 2014, 2017;
Chen et al. 2018). The human activities include loading (Wang
et al. 2018, 2019b), excavation (Zhang et al. 2012; Wang et al.
2014a) and agricultural irrigation (Zhang et al. 2009, 2013; Xu
et al. 2012, 2014). Among them, rainfall and irrigation emerge as
the most important triggering factors of loess landslides. A good
understanding of mechanism of rainfall or irrigation-induced
loess slope failures is of local engineering concern.

Landslides can be triggered by wetting of soil at a shallow depth
due to rainfall (Wang et al. 2005, 2010, 2017; Sorbino and Nicotera,
2013) or rising of the water table in deep soil because of irrigation
(Zhang et al. 2013; Xu et al. 2014). Most previous investigations on
the failure mechanisms were primarily conducted through
consolidated-undrained shear tests, constant shear drained tests
and ring shear tests under controlled strain rates on saturated soils
(Lade 1993; Sasitharan et al. 1994; Zhu and Anderson 1998; Sassa
et al. 2003; Chu et al. 2003; Take et al. 2004; Lourenço et al., 2006;
Zhang et al. 2013; Fan et al. 2017). These studies investigate the
roles of excess pore water pressure and the salinity in pore water in
the development of shear strength of saturated soils, and shed light
on understanding the static liquefaction behaviours that led to
flow initiation. In fact, the soils encountered in engineering prac-
tice are mostly unsaturated, and the potential slip surface may lie
above the water table. A reduction of matric suction in the soil
results in a decrease in effective normal stress on the potential
failure surface, in turn lowers the shear strength (Brand 1981). The
wetting-induced failure mechanism for unsaturated soils should
thus be modelled under constant total stress condition while the
pore water pressure is increased from an initial negative value
until failure occurs. Two questions arise. What are the necessary
requirements for the initial stress level and the degree of increase
in negative pore water pressure (or matric suction) if wetting-
induced the unsaturated loess failure occurs? How to describe?
Until recent some researchers attempted to simulate the failure
stress path by reducing matric suction while maintaining the
deviator or shear stress at constant, for the loosely compacted
completely decomposed granite, the sandy soil, the expansive clay
and the loess (Chen et al. 2004; Farooq et al. 2004; Zhan et al. 2014;
Zhou et al. 2014; Zhao and Zhang 2014). However, experimental
results are still limited regarding the failure behaviour of unsatu-
rated soils along the wetting path, especially for the collapsible
loess with strong soil-water interaction.

The contribution of matric suction on shear strength of unsat-
urated soils has been investigated by means of shear tests at
constant matric suctions (Maatouk et al. 1995; Khalili and
Khabbaz 1998; Wang et al. 2002; Chen et al. 2014) or wetting tests
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at constant shear stresses (Chen et al. 2004; Farooq et al. 2004;
Zhan et al. 2014; Zhou et al. 2014). The point to be addressed is
whether the contribution of matric suction on shear strength of
unsaturated soils is independent of hydro-mechanical path follow-
ed, that is wetting-shearing (i.e. first wetting and then shearing) or
shearing-wetting (i.e. first shearing and then wetting). This point is
of importance when describing shear strength behaviours of un-
saturated soils. Zhan et al. (2014) showed that the contribution of
matric suction on shear strength of an unsaturated expansive clay
was independent of the hydro-mechanical path. However, there is
little information on the response of the collapsible loess to dif-
ferent hydro-mechanical paths.

In this study, a large-scale old landslide in the construction of
Lvliang Airport in Shanxi Province was selected as a case (Fig. 1). If
subjected to heavy rain or long-term rainfall, large slippage may
occur and thus cause the instability of the airport site. Multiple
ways in the investigation were adopted to reveal the landslide
features, such as field surveys, borehole, exploration well and
1:500 terrain mapping. Two types of laboratory tests were carried
out to study the wetting-induced failure mechanism of the unsat-
urated loess and the effect of the hydro-mechanical path on the
shear strength. The first type was a series of strain-controlled
triaxial shear tests at constant suctions; the second was a series
of wetting tests at applied constant deviator stresses. Based on the
field surveys and the experimental data, the initiation mechanism
of old loess landslide subjected to water infiltration was
interpreted.

Study area and field investigation
Lvliang Airport is located approximately 20.5 km away from
Lvliang city in Shanxi Province, China (Fig. 1a). This is a typical
mountain airport, and its construction accompanied by hill flat-
tening and gully filling. At an early stage of this project, a large
loess landslide was discovered on the southwest side of the Lvliang
Airport runway (Fig. 1b). Under the influences of flood cutting and
tectonic movement, the area where the landslides occurred has the
characteristics of typical ridges and hills (Fig. 1b), and the terrain
was high in the east and low in the west on the whole (Fig. 1c). The
landslide with a circle chair-shape had a width of about 186 m, a
horizontal length of about 260 m (along line A-A’ in Fig. 1c), and a
height of about 84 m from the boundary to sliding surface. The
ground surface area affected by the loess landslide was nearly
3.6 × 104 m2, which was about 30° in average slope. The lithology
is relatively simple in this region, and its lithological profile of the
site can be mainly divided into three units (Fig. 2): (1) The top
layer was composed of upper Pleistocene aeolian Malan loess
which was about 1 to 16 m in thickness; (2) The bedrocks were
made up of lower Carboniferous mudstone with minor sandstone
partings; (3) Overlying the bedrocks was Pleistocene aeolian Lishi
loess with several palaeosol partings, which was about 5 to 32 m in
thickness.

According to the topography features, this landslide presented
a progressive retreat development, which consisted of three sub-
blocks, i.e. B-III, B-II and B-I (Fig. 1c). The total volume of the B-
III was estimated to be approximately 1.2 × 106 m3. The trailing
edge of the B-III was close to the filling area of the airport runway.
The leading edge was basically erect, where there was subsidence
of about 10 to 20 m. The B-II had volumes of about 2.7 × 105 m3,
and could also be divided into two blocks, i.e. B-II-1 and B-II-2

(Fig. 1c). The B-II-1 was about 180 m in average width and 110 m in
horizontal length. The landslide scar was remarkable, where there
was subsidence of about 15 to 20 m (Fig. 1b). There were many
well-developed gullies with about 3 to 8 m in deep on the back wall
of the B-II-1. The landslide platform was gentle, with an average
width of 35 m and an average inclination of 10°. The rear part of
the landslide body and the back wall of the landslide were exposed
by exploration wells (e.g. EW5, EW6, EW9 and EW16 in Fig. 1c),
and no obvious fissures were found. These features revealed that
this block was currently in a stable state. The B-II-2 was about
92 m in average width and 46 m in horizontal length. The landslide
scar was also obvious, where there was subsidence of about 2 to
4 m (Fig. 1b). Significant sliding scratch surfaces were found by the
exploration well (e.g. EW13 in Fig. 3b), and part of the landslide
front had collapsed during survey, suggesting that this block
displayed creep movement.

The B-I was located in front of the B-II (Fig. 1c). This block had
volumes of about 1.1 × 105 m3. It experienced significant sliding,
and thus, the boundaries were relatively clear. Due to the erosion
of rainwater, this block further divided into three blocks, i.e. B-I-1,
B-I-2 and B-I-3, as shown in Fig. 1c. The blocks B-I-1 to B-I-3 were
about 43 to 66 m in widths and 47 to 78 m in horizontal lengths, as
well as about 18° to 53° in the average slopes. The landslide scars
were obvious, with subsidence of about 2 to 5 m. The back walls of
the landslide were exposed by exploration wells (e.g. EW3 and
EW4 in Fig. 1c), and the clear cracks at the trailing edge of the
landslides were found. Significant sliding scratch surfaces were
found at a borehole BH2 (Fig. 3a), suspecting to be a sliding shear
surface. This indicated that the B-I was currently in the fretting
phase.

The survey region belongs to arid or semi-arid climate. The
seasonal distribution of rainfall is very concentrated. Typically, the
average annual precipitation measured was about 460 mm. Rain-
fall varies with rainy and dry season, and about 75% of the annual
rainfall occurs in the rainy season between June and September
(Fig. 4). The maximum rainfall occurs in August, accounting for
about 26% of the annual rainfall. This concentrated rainfall creat-
ed conditions for the old landslide resurrection. On the one hand,
both the leading edge of the landslide and its sides were signifi-
cantly affected by rainfall erosion, forming a high-steep free face.
This resulted in a higher initial mobilised shear stress of soil mass
near the slope toe. On the other hand, there were obvious fissures
in the landslide body. The surface rainwater was poured along
those fissures, which was likely to accelerate the landslide resur-
rection and thus threaten the airport runway. In order to analyse
landslide risk and optimise slope stabilisation strategies, a clear
understanding of mechanisms of wetting-induced failure of the
loess was required.

Laboratory testing

Materials and specimen preparation
Preliminary exploration well and borehole data indicated that the
potential slipping zones were basically in the Lishi loess Q2

aol layer
(Fig. 2). To investigate the mechanism of wetting-induced failure
of the unsaturated loess, the intact Q2 loess used in this laboratory
study was taken by manual cutting from the slope of the B-I-2 to
keep the natural structure of loess, considering its high fragility.
High-quality undisturbed block samples (0.15 m × 0.15 m × 0.15 m
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in size) were collected at a depth of about 5 m. The block samples
were protected by plastic membrane and waxed clothes, for pre-
serving the in situ water content and soil structure. To prevent
disturbance during cutting, the preparation of an intact block
sample first involved cutting a small soil block with an appropriate

size. The ends of the specimen were trimmed with a wire saw, and
then carefully trimmed to be a triaxial specimen, with diameter of
39.1 mm and height of 80 mm, using a special cutting apparatus.
The difference in the dry density among the prepared intact
specimens was not greater than 0.02 g/cm3. After completing the
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Fig. 1 a Location of study site; b a wide view of the loess landslide at Lvliang airport; c plan view and location of the landslide
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specimen preparation, the initial matric suction values of the
intact specimens determined were 200 kPa via the null-type axis
translation technique. The loess consisted mainly of silt (about
95%, Fig. 5) with some clay (about 14%). The mean particle diam-
eter was 0.02 mm. The main physical indices of the intact loess
taken from the field are illustrated in Table 1.

Apparatus
The unsaturated triaxial apparatus has been widely used to inves-
tigate the shear strength of unsaturated soils (e.g. Maatouk et al.
1995; Khalili and Khabbaz 1998; Wang et al. 2002; Chen et al. 2014).
The unsaturated triaxial apparatus employed in the present re-
search was modified by adding two devices, i.e. wetting device and
stress-controlled loading device. Fig. 6 presents a schematic of this
apparatus. The overview of the apparatus is shown in Fig. 6a. The
wetting-induced shear mode of a specimen in the triaxial appara-
tus is shown conceptually in Fig. 6b. The wetting device was
mainly a twin-tube with a different pressure transducer (Fig. 6a).
When the valve was opened to link between the twin-tube and the
perforated holes in the top cap, the water within the twin-tube was
added gradually into the specimen (Fig. 6c). The change in water
level within the twin-tube was measured by a different pressure
transducer (range 6 kPa, precision 0.01 kPa), and then converted

to change in water volume (range 20 cm3, precision was 0.01 cm3).
The stress-controlled loading device mainly consisted of a pneu-
matic actuator. The magnitude of the applied load and the axial
deformation were recorded by a load transducer (range 5 kN,
precision 1 N) and a displacement transducer (range 50 mm,
precision 0.01 mm), respectively.

In addition, the axis translation technique (Hilf 1956) was
employed to control or measure of matric suction in the spec-
imen, using a 5-bar (i.e. 500 kPa) high-air entry ceramic disk.
The overall volume change of the specimen was measured by
monitoring the flow of water into the inner triaxial cell, similar
to that employed by Wheeler (1988). Compression of the spec-
imen resulted in a flow of water into the inter triaxial cell, which
was measured with a volume change tube. The change in water
level within the tube was monitored by a different pressure
transducer, and then converted to change in water volume
(range 40 cm3, precision was 0.01 cm3). Furthermore, the overall
volume change was calibrated to eliminate the effects of con-
fining pressure and loading ram displacement. This apparatus
enabled the simulation of different stress paths tests for unsat-
urated soils, including wetting tests at constant stresses and
shear tests at constant matric suctions. Further details about
this apparatus can be found in Chen et al. (2017).

Fig. 2 Longitudinal section of the landslide along line A–A’ in Fig. 1c

Fig. 3 Photos showing sliding scratch surfaces from different locations borehole (BH) or exploration well (EW) in Fig. 1c. a BH2; b EW13
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Testing program and procedure
Two groups of laboratory tests were carried out to investigate the
wetting-induced failure mechanism of the intact loess and the
effect of the hydro-mechanical path on the shear strength, as
summarised in Tables 2 and 3. Besides the principal stresses, the
mean total stress is defined as p = (σ1 + 2σ3)/3 for axisymmetric
condition (σ2 = σ3), p – ua is net mean stress, q = σ1 – σ3 is
deviatoric stress, and s = ua – uw is matric suction, where ua and
uw are pore air and water pressures, respectively.

The first group of tests were shear tests (ST) involved conven-
tional drained triaxial shear at constant matric suctions, i.e. the
shear stages were carried out along a loading path of q/(p – ua) = 3.
The test results were to study the effects of matric suction and
hydro-mechanical path on shear strength behaviours of the loess.
Table 2 describes eight triaxial shear tests performed under con-
trolled matric suctions and constant net confining pressures. The
values of void ratio and degree of saturation after the isotropic

consolidation and the end of the test were given. The degree of
saturation is calculated by combining change in overall volume
and water volume of the specimen. Four net confining pressure
values (50, 100, 200 and 400 kPa) and two matric suction values (0
and 200 kPa) were generally applied. The matric suction values
chosen were to simulate the natural and saturated state of the
loess, respectively.

For the ST, the σ3 and ua were both increased from zero to
designed values during the isotropic consolidation. A stabilisation
period was allowed until the increments in the overall volume and
water volume were less than 0.01 cm3over an interval of 2 h.
Following the isotropic consolidation, the conventional triaxial
shear was performed at a strain rate of 0.004 mm/min under
constant σ3 and s.

The second groups of tests were wetting tests (WT) involved
gradually increasing in pore water pressure from the negative
value under constant total stress condition, i.e. decreasing matric
suction from an initial value. The tests were to simulate the stress
path of a slope element subjected to rainfall infiltration, whereby
investigating wetting-induced the unsaturated loess failure behav-
iours. Table 3 describes 12 wetting tests performed under constant
net confining pressures and stress levels, where stress level Rs is
defined herein as the ratio of the current deviator stress q and the
deviator stress at failure qf, i.e. Rs = q/qf. The values of void ratio
and degree of saturation after the triaxial shear and the end of the
test were given. Four net confining pressure values (50, 100, 200
and 400 kPa) and three stress level values (0.25, 0.50 and 0.75)
were generally applied. The stress level values were chosen to
simulate the stress state of the soil mass at different locations on
the loess slope.

For the WT, each natural specimen was loaded at a suction of
200 kPa to different target σ3 and Rs along the same stress path as
the ST. Following this stage, the specimen was wetted from natural
matric suction by adding precalculated volumes of water in steps
at constant σ3 and Rs. The wetting criterion was proposed, i.e. the
wetting series was at least six or the water content increment was
no less than 2%. For each step wetting, the pore air pressure ua of
200 kPa maintained constant. The air backpressure slightly larger
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than the ua was applied to the wetting twin-tube, and then the
valve was opened at a tiny angle of about 10°, for linking the twin-
tube and the top cap. The tiny angle was to avoid local failure in
the top of the specimen. The water within the twin-tube was added
to the specimen gradually. As the amount of water reached the
water volume corresponding to the target water content incre-
ment, the valve was closed. The variations of overall volume
change, axial deformation and pore water pressure over time were
live recorded. A stabilisation period was allowed until the overall
volume change increment was less than 0.01 cm3(2 h)−1, the axial
deformation increment was less than 0.005 mm h−1 and the suc-
tion increments were less than 1 kPa(2 h)−1.

Test results

ST results
In this section, the effects of the matric suction and the net
confining pressure would be described. Under σ3 – ua = 50 and

200 kPa, the variations of deviator stress, volumetric strain and
degree of saturation with axial strain at various matric suctions
(from 200 to 0 kPa) are presented in Fig. 7. All curves were well
ordered and evolved regularly with decreasing matric suction.
There were no peaks in the stress-strain curves, illustrating a lower
brittleness and reaching the critical state at larger strains. The
initial modulus and deviator stress decreased with matric suction.
The volumetric contraction induced by shearing was observed,
and the volumetric strain became large with decreasing in the
matric suction. This indicates that the loess specimens undergo
strain hardening behaviour during shearing, and the extent of
which is dependent on matric suction. Furthermore, the degree
of saturation of the specimen increased during shearing at matric
suction of 200 kPa, which was the results of both water absorption
and contraction of the specimen.

The effect of the net confining pressure is illustrated in Fig. 8, where
all test results at matric suctions of 200 and 0 kPa are plotted together,
respectively. As usual, under s=0 kPa, the deviator stress and initial

Table 1 Physical properties of soil specimens

Sample w (%) Gs ρ (g/cm3) ρd (g/cm
3) e wL (%) wp (%) Ip (%) Classification

Lishi loess 14.0 2.70 1.69 1.48 0.82 26.4 14.9 11.5 Silty clay

w water content, Gs specific gravity of soil grain, ρ natural density, ρd natural dry density, e void ratio, wL liquid limit, wp plastic limit, Ip plasticity index
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modulus increased with the net confining pressure. For s= 200 kPa, at
strains larger than 3% the deviatoric stress increased with the net
confining pressure, whereas the change in initial modulus was not
obvious. This possible reason may be related to the initial structural
of the loess. All volume change curves show an increase of compressive
behaviour with net confining pressure, suggesting that the effect of the
net confining pressure is clear. In addition, the degree of saturation of
the specimen at matric suction of 200 kPa increased with axial strain.
The observation concerning the slight influence of the net confining
pressure on the degree of saturation was valid for (σ3 – ua) > 50 kPa.

As commented above, intact specimens from in situ sites show a
contractive and ductile behaviour, i.e. the stress-strain curves show
hardening. At axial strains of 15%, assuming all specimens reach a
critical state, similar to that employed by Oka et al. (2010) and Chen
et al. (2014). The critical state from ST at matric suctions of 200 and
0 kPa are shown on a q – p plane in Fig. 9a, and the corresponding
shear strength qf are presented in Table 2. At a givenmatric suction, the
critical state line (CSL) was well fitted to a straight line on the q – p

plane, suggesting that the shear strength of the loess can be described
by the Mohr-Coulomb strength criterion. The CSL at unsaturated and
saturated states were approximately parallel, and slopes of which M
were 1.167. Furthermore, the cohesion c and internal friction angle φ of
the loess at the saturated and unsaturated states were determined by
formulas, i.e. c = (3-sinφ)/(6cosφ) h and φ = sin−1[3M/(6 +M)], where
h is the intercept of the critical state line, its values are shown in Table 2.
The internal friction angles hold constant, whereas the cohesion c
decreased withmatric suction. The above results indicate that the shear
strength of the loess is strongly sensitive to the matric suction, and the
matric suction-dependency of shear strength behaviour is reflected
primarily by focusing on the evolution of the cohesion (so-called
Bbonding effect^). This observation suggests that the bonding effect
plays a major role in the triggering phenomena of the loess landslides
investigated.

To further analyse the shear strength of the loess, the skeletal
stress p’, or referred to as Beffective mean stress^, was chosen, i.e.
p’ = p + Srs (Gallipoli et al. 2003; Nuth and Laloui 2008). The above

Table 2 Testing program and result summary of the ST tests

Group Test s (kPa) σ3-ua (kPa) After isotropic
consolidation but
prior to shear

Critical state when test is terminated

e Sr (%) ef Srf (%) qf (kPa) c (kPa) φ (°)

ST1 ST1-1 200 50 0.82 46.1 0.76 52.1 335 61 29

ST1-2 200 100 0.82 46.4 0.71 55.1 389

ST1-3 200 200 0.81 45.6 0.69 55.9 625

ST1-4 200 400 0.79 45.3 0.66 55.4 825

ST2 ST2-1 0 50 0.82 100 0.73 100 48 0 29

ST2-2 0 100 0.80 100 0.66 100 231

ST2-3 0 200 0.79 100 0.63 100 388

ST2-4 0 400 0.78 100 0.61 100 755

s matric suction, σ3 confining pressure, ua pore air pressure, Sr degree of saturation

Table 3 Testing program and result summary of the WT tests

Group Test s0 (kPa) σ3-ua (kPa) Rs After shear but prior to
wetting

Critical state/final state when test is ter-
minated

e Sr (%) sf ef Srf (%)

WT1 WT1-1 200 50 0.25 0.82 46.3 / 0.75 99.5

WT1-2 200 50 0.50 0.81 46.7 12 0.73 95.0

WT1-3 200 50 0.75 0.79 46.8 57 0.66 88.0

WT2 WT2-1 200 100 0.25 0.81 46.5 / 0.71 99.1

WT2-2 200 100 0.50 0.81 46.9 25 0.68 91.0

WT2-3 200 100 0.75 0.78 48.6 81 0.68 75.0

WT3 WT3-1 200 200 0.25 0.81 46.8 / 0.69 99.3

WT3-2 200 200 0.50 0.78 48.8 26 0.67 95.0

WT3-3 200 200 0.75 0.74 51.4 117 0.67 66.0

WT4 WT4-1 200 400 0.25 0.78 48.7 / 0.65 99.7

WT4-2 200 400 0.50 0.76 49.9 / 0.63 99.7

WT4-3 200 400 0.75 0.72 52.8 65 0.67 87.5

s0 initial matric suction, Rs stress level, / no failure during wetting, sf matric suction when failure due to wetting
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results are expressed on a q – p’ plane as shown in Fig. 9b. For each
test, the value of the deviatoric stress q at critical state is reported
as a function of the value of the effective mean stress p’. The
experimental data appear to confirm the existence of a unique
failure envelope for the loess, if the adopted stress variables take
into account both matric suction and degree of saturation; more-
over, this envelope is well described by the same line adopted for
representing the critical state of the saturated soil.

WT results
The deviator stress, matric suction, axial strain and volumetric
strain relationships from the WT are presented in Fig. 10. The
deviator stress-axial strain curves from the ST, at a constant matric
suction of 200 kPa but various net confining pressures, are also
shown for comparison. At a given deviator stress, the matric
suction was decreased gradually from initial value of 200 kPa
during wetting, causing increase in both volumetric strain and
axial strain, monotonously. This indicates that the wetting-
induced deformation of the loess consists of two components:
wetting-induced volume and shear deformations, reflecting com-
pression and shearing behaviour of the loess induced by wetting,
respectively. For a given net confining pressure, the axial strain
and volumetric strain during wetting increased with the stress

level, but the difference in increasing rates were observed. At a
low stress level, the increasing rate of the volumetric strain during
wetting was larger than that of the axial strain, such as WT1-1 and
WT4-1, suggesting that the compression behaviour of the loess
induced by wetting dominates. At a high stress level, this behav-
iour followed the opposite trend, such as WT1-3 and WT4-3,
indicating that the shearing behaviour of the loess induced by
wetting dominates. In addition, for a given stress level, as the net
confining pressure increased, the wetting-induced axial strain
exhibited increase firstly and followed by decrease, suggesting that
the net confining stress appeared to restrain the shearing behav-
iour of the loess induced by wetting.

Figure 10 also revealed that once matric suction in the specimen
was reduced to the certain value, the development of axial strain
accelerated with the additional decrease in matric suction, while
the volumetric strain remained basically unchanged, appearing the
tendency for the wetting-induced the specimen failure, such as
WT1-2, WT1-3, WT2-2, WT2-3, WT3-2, WT3-3 and WT4-3. At axial
strains of 15%, assuming the specimen subjected to wetting reaches
a critical state. The matric suction sf at failure has been marked in
Fig. 10, and value of that presented in Table 3. As expected, the
value of matric suction at failure increased with the stress level,
and increased firstly and then decreased with increase in the net
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confining pressure. In other words, the wetting-induced the loess
failure behaviour is dependent on the stress level, net confining
pressure and matric suction.

The soil water characteristic curves (i.e. SWCCs) of the loess are
presented in Fig. 11 by means of the data presented above (Fig. 10).
The degree of saturation Sr exhibited a rapid increase firstly and
followed by a sight change, as the matric suction s decreased. The

SWCC moved to the upper right with an increase in the stress
level, suggesting stress-dependency SWCCs of the loess. Essential-
ly, the stress level not only causes a change in the soil density (or
void ratio) and thus its saturation (Table 3), but also results in the
variation of pore size distribution (Zhou et al. 2014), similar to the
observation reported by Romero et al. (2011). The features of the
SWCC can be used to describe the variation of shear strength in
the soil with matric suction.

The WT results (Figs. 10 and 11) are plotted on the q – p’ plane,
as shown in Fig. 12. The CSL determined by ST (Fig. 9b) are also
shown for comparison. The specimen was subjected to wetting
from natural state along a q = constant path (marked by symbol
‘○’), causing the decrease in the matric suction and thus the
reduction in the effective mean stress (marked by an arrow). Some
specimens wetted to matric suction sf were observed to fail
(marked by symbol ‘ ’), suggesting that the process of the
wetting-induced failure for the unsaturated loess can be visually
described on the q – p’ plane; meanwhile, all data points corre-
sponding to the failure appeared to lie on a straight line through
the origin with a slope Ms of 1.022. This indicates that the wetting-
induced the loess failure behaviour could be described by the
linear form of the Mohr-Coulomb strength theory. Moreover,
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The CSL determined by the WT was below that determined by the
ST, revealing that the contribution of matric suction on shear
strength of the loess is dependent on the hydro-mechanical path.
Based on the shear tests at constant matric suctions, the variations
in shear strength parameters (i.e. c and φ) with matrix suction
were obtained to describe the wetting-induced the loess failure
behaviour, which was unsafe for engineering applications.

The test results for the specimens wetted to near saturation without
failure are also plotted on the q – p’ plane, as shown in Fig. 16 (marked
by symbol ‘ ’). Interestingly, for the lower of the stress level, the
phenomenon of no failure occurred when wetted from natural state
to near saturation (e.g. WT3-1); for the higher of the stress level, the
phenomenon of failure occurred when wetted from natural state to the
different levels of matric suction (e.g. WT3-2 andWT3-3). Therefore, it
could be inferred that there is a threshold value of stress level Rsr, at
which the phenomenon of failure will just occur when wetted from
natural state to saturation. A simplified diagram was plotted to deter-
mine the threshold value of stress levelRsr (Fig. 13). Point A (p1’, qr) was
the current stress state of the specimen at natural matric suction s0, and
the corresponding shear strength and stress level were represented by
qf and Rs (= qr/qf). The failure occurred when the specimen was wetted
to saturation at constant deviator stress, and the corresponding stress
state shifted from point A (p1’, qr) to point B (p2’, qr) on the critical state
line. The stress level Rs thus was the threshold value of stress level Rsr.
Assuming the value of matric suction was 0 kPa at saturation, the
effective mean stress increment Δp’ from point A to point B was

Δp
0 ¼ p1

0
−p2

0 ¼ pSr0s0 ð1Þ

where Sr0 is the degree of saturation before wetting. In addition,
the effective mean stresses p1’ and p2’ can be rewritten as

p1
0 ¼ q f

M
; p2

0 ¼ qr
Ms

¼ q fRsr

Ms
ð2Þ

The threshold value of stress level Rsr can be obtained via Eq.
(2) and Eq. (1)

Rsr ¼ q f=M−Δp0

q f=Ms
ð3Þ

A reduction factor ξ (= Ms/M) is introduced, and thus Eq. (3)
can be rewritten as

Rsr ¼ ξ 1−
MΔp

0

q f

� �
¼ ξ 1−

Δp
0

p0

� �
¼ ξ 1−

Sr0s0
pþ Sr0s0

� �
ð4Þ

According to Eq. (4), the higher the p, the higher is the Rsr, and
vice versa. This was related to the loading hardening of the loess
before wetting. If wetting-induced the loess failure occurs, the
initial deviator stress level Rs must meet the following criterion:

Rs≥Rsr ¼ ξ 1−
Sr0s0

pþ Sr0s0

� �
ð5Þ

For the loess studied, the values of ξ and s0 are equal to 0.876
and 200 kPa, and values of Sr0 before wetting are shown in Table 2.
Using Eq. (5), the threshold line of potential failure due to wetting
can be determined on the q – p’ plane, as shown in Fig. 12. It was
clearly observed that the threshold line could well judge whether
the wetting-induced the loess failure occurred. If the stress state
before wetting was above the threshold line, the wetting-induced
failure may occur; otherwise, wetting-induced failure was unlikely
to occur. The threshold value of stress level may be an important
control parameter in the early warning system for rainfall-induced
landslides in unsaturated loess.

For Rr ≥ Rsr, if the wetting-induced failure occurs, the loss
degree of matric suction Δs must meet the following criterion:

Δs≥ s0−s fð Þ ð6Þ

The threshold value of the matric suction sf has practical engi-
neering significance, for controlling the loss degree of matric
suction from stable conditions. A simplified diagram was also
plotted to determine the threshold value of matric suction sf at
failure, as shown in Fig. 13. The failure occurred when the speci-
men was wetted to the matric suction sf at constant deviator stress
q (≥ qr, i.e. Rr ≥ Rsr), and the corresponding stress state shifted
from point E to point F on the critical state line (Fig. 13). The
effective mean stress increment Δp’ was

Δp
0 ¼ p Sr0s0−Srf s fð Þ ð7Þ

where Srf is the degree of saturation corresponding to the matric
suction sf. Similar to the above derivation, the Rs was substituted
for Rsr in Eq. (4), and substituting Eq. (7) into Eq. (4) leads to:

Rs ¼ ξ 1−
Sr0s0−Srf s f
pþ Sr0s0

� �
ð8Þ

Eq. (8) can be rewritten as

Srf s f ¼ Sr0s0− 1−Rs=ξð Þ pþ Sr0s0ð Þ ð9Þ

The suction stress Srs is plotted against matric suction s in
Fig. 14 by means of the data presented above (Fig. 11). The Srs
decreased with the s. The data for different stress states appeared
to lie on a curve, which could be represented by an empirical
formula below:

Srs ¼ s
αsþ β

ð10Þ

where α and β are soil parameters. Regression of the data to this
formula resulted in α = 0.005 kPa−1 and β = 1.020. Equations (9)
and (10) are the quantitative relationship between the stress level
Rs (≥ Rsr) and the matric suction sf at failure. It can clearly be seen
that the larger the Rs, the larger is the sf, and vice versa. In
addition, when Rs = ξ the sf is equal to the s0, suggesting that
failure occur once the specimen is wetted at critical state line
determined by WT; when Rs = Rsr the sf is equal to zero, i.e. Eq.
(9) degenerates into Eq. (5). Using Eqs. (9) and (10), the results of
Rs – sf and q – sf relations were predicted, and the typical results of
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the predictions together with the corresponding experimental data
are shown in Fig. 15a, b. The prediction results quite close to the
experimental results.

Discussion
Based on the above field surveys and experimental results, the
observed failure process of the unsaturated loess slope (Fig. 1) was
interpreted further as follows. The area where the landslides

occurred is characterised by ridges and hills (Fig. 1). There struc-
tures are bound by steep slopes with high-free faces, resulting in
the stress concentration at the foot of the slope. This creates
favourable condition for the occurrence of the loess landslide.
The schematic representation of the loess slope at the natural state
is shown in Fig. 16a. Points A, B, C and D, which represent the
initial stress state of different positions in the slope, have to be
below the CSL in a q–p′ diagram (Fig. 16a-1).

Fig. 11 Soil-water characteristic curves from WT at various controlled net confining pressures. a σ3-ua = 50 kPa; b σ3-ua = 100 kPa; c σ3-ua = 200 kPa; d σ3-ua =
400 kPa

Fig. 12 Critical state lines on q-p’ planes from WT
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Due to the concentrated rainfall in the area (Fig. 4), the
rainfall-induced floods often occur. The lateral erosion and
downward erosion of the flood caused both sides of the gully
to collapse continuously, in turn widening and deepening the
gully (e.g. Maqun gully in Fig. 1). This promoted the redistri-
bution of the stress inside the slope, and its effect was
reflected in two aspects. On the one hand, the free face of
the leading edge of the slope became steep, so that its resis-
tance of the leading edge was reduced, and a strong shear
stress region was formed at the bottom of the slope (Fig. 16b).
On the other hand, the lateral support to upper soil masses
would be lost, producing horizontal deformation of the soil
mass towards the free face (Fig. 16b). Consequently, the strong
tensile zone was formed at the top of the slope. This process
was similar to that the vertical stress (i.e. larger principal
stress) hold constant, while the lateral stress (i.e. small prin-
cipal stress) decreased. For different positions in the slope,
the effective stress paths in the q–p′ plane followed by the
stress state in Fig. 16b-1. With further increase in the hori-
zontal deformation, the small principal stress at the top of the
slope would be reduced to a negative value, whereby the

tensile crack would appear, such as point A1 in Fig. 16b. As
the degree of erosion at the foot of the slope increased, a new
region of tensile stress concentration would form at the bot-
tom of the tensile crack, promoting the crack to enlarge and
extend deep into the slope (Fig. 16c). Thereby, partial loss of
support and release of side restraint could cause the locally
failed part to move downslope, increasing the load there. In
other words, the range of the shear stress region in soil mass
was thus narrowed. The initial shear stress level of soil mass
near the slope toe would be higher. More importantly, the
generation of cracks provided a dominant channel, and water
could infiltrate along these cracks directly and rapidly, accel-
erating the infiltration of surface rainwater into the deep
slope. The stress path of the above process is shown in
Fig. 16c-1. In a word, the erosion of floods accelerated the
initiation of the landslide.

Due to constant climatic changes during the Quaternary,
the hydraulic and mechanical properties of the silty loess
from the Lishi loess layer have obvious differences compared
to the palaeosol, which created the basic condition for the
formation of weak sliding zone. The silty loess has a relatively
high content of silt particle, and its soil layer is relatively
loose and easy to water seepage. While the palaeosol has a
high content of clay particle, and its soil layer is dense,
playing a relatively impermeable role. When subjected to the
rainfall, rainwater would enter the soil slope through the
cracks, leading to an increase in the weight of the soil mass
and thus the sliding force of the slope. On the other hand, the
interface between the silty loess and the palaeosol layers
formed a water-rich zone, causing a rapid decrease in matric
suction of the upper silty loess mass. Corresponding to the in
situ situation, the stress path of the slope was similar to
wetting at a q = constant (i.e. WT, Fig. 10). A reduction of
suction resulted in a decrease of the effective mean stress of
the upper silty loess mass, with a consequent swift reduction
of shear resistance (Fig. 12). Whether the wetting-induced the
silty loess failure would occur, which was dependent of both
the stress level and the loss degree of matric suction (Fig. 12).
According to the WT results, the threshold line of potential
failure due to wetting could be determined using Eq. (5).

Fig. 13 A simplified diagram for determining the threshold values of stress level Rsr and matric suction sf at failure
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Furthermore, the stress state of the soil slope was affected by
the angle and height of the slope. Therefore, the relationship
between the stress level corresponding to the threshold line
and those factors may be established, in turn applying to
judge preliminarily whether there is a risk of wetting-
induced loess landslides. For the loess slope with a lower
angle, the maximum value in stress level before wetting was
below the threshold line, then the stress path along wetting to
saturation at a q = constant would not reach the CSL line. In
other words, such a slope would be stable even when wetted
to saturation.

For the loess slope with a higher angle, if the value in
stress level before wetting was above the threshold line, the
wetting-induced loess landslide may occur. Using the thresh-
old line of potential failure, it may be possible to predeter-
mine the approximate range of the potential slip zone
induced by water infiltration (Fig. 16d). When the stress level
before wetting such as point C2 was below the threshold line
(Fig. 16c-1), the failure would not occur even if the soil mass
was wetted to saturation such as point C3 (Fig. 16d-1). When
the stress level before wetting such as point B2 or D2 was
above the threshold line (Fig. 16c-1), the stress state along
wetting at a q = constant would likely move to the point such
as point B3 or D3 on the CSL line (Fig. 16d-1). Whether the
failure occurs was related to the loss degree of matric suction
in soil mass induced by rainfall (Fig. 15). The higher the stress
level, the lower was the loss degree of matric suction at
failure (Fig. 15). This was reason that the humidifies of the
sliding zone were different at various locations (Fig. 2). As a
result, the continuous decrease in suction caused a significant
reduction in shear strength of silty loess mass, which trig-
gered a local failure in a slope. When the tension crack zone
and the failure zone due to wetting connected gradually, and
a continuous slide surface would be formed (Fig. 16d). After
the occurrence of landslide, the steep back scarp would be
formed on the trailing edge of the landslide, and the new
tensile stress distribution area would also be formed
(Fig. 16e). Repeating the above process, the loess landslide
showed a progressive retreat development (Fig. 1).

Conclusions
In this study, multiple ways in the field surveys were adopted
to reveal the loess landslide features in Lvliang Airport, Chi-
na. Laboratory tests including triaxial shear tests at constant
suctions (i.e. ST) and wetting tests at constant stresses (i.e.
WT) were carried out, for investigating the wetting-induced
failure mechanism of the loess and the effect of the hydro-
mechanical path on the shear strength. The conclusions drawn
are as follows.

Tendency of contraction was the volumetric behaviour of
the loess following stress path of the ST. The critical state line
(CSL) determined by ST was unique in the deviatoric stress-
effective mean stress (q – p’) plane, for both saturated and
unsaturated loess. The contribution of matric suction on shear
strength of the loess was dependent on the hydro-mechanical
path. The relationship between shear strength parameters ob-
tained by ST and the matrix suction was used to describe the
wetting-induced the loess failure behaviour, which was unsafe
for engineering applications.

The wetting-induced deformation of the loess consisted of
two components: wetting-induced volume and shear deforma-
tions, reflecting compression and shearing behaviour induced
by wetting, respectively. At a low stress level, the wetting-
induced compression behaviour dominated; otherwise, the
wetting-induced shearing behaviour dominated. The wetting-
induced the loess failure behaviour was strongly dependent on
the stress level and the loss degree of matric suction, which
could well be described by the linear form of the Mohr-
Coulomb strength theory.

A threshold value of stress level was identified, i.e. the
phenomenon of failure occurred when wetted to saturation
at this value. It was dependent on the net mean stress and
the initial matric suction, and could be well described by the
proposed function (i.e. Eq. (5)). This value could be used to
judge whether the wetting-induced the loess failure may oc-
cur, and thus may be an important control parameter in the
early warning system for rainfall-induced landslides in the
unsaturated loess. A threshold value of matric suction was
identified to analyse the loss degree of matric suction from
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stable conditions to failure. It tended to increase with the
stress level at a given net confining pressure.

The studied loess landslide showed a progressive retreat develop-
ment. The high-free face formed at the leading edge of the slope
created favourable conditions for the occurrence of the landslide.
The erosion of rainwater caused the formation of tensile cracks at
the top of the slope, accelerating the initiation of the landslide. The
wetting-induced the loess failure was the key to the formation of
sliding surfaces. The occurrence of the failure of the loess slope due
to wetting was described mainly in four stages: crack formation and
enlarging due to erosion in slope foot, failure of the loess induced by
water infiltration through the cracks, expansion of the failure zone due
to wetting and formation of the through-sliding surface.
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