Bulletin of Engineering Geology and the Environment (2023) 82:385
https://doi.org/10.1007/510064-023-03413-y

ORIGINAL PAPER q

Check for
updates

Progressive deformation and failure mechanism of loess fill slopes
induce by rainfall: insights from flume model tests

Xingsheng Lu'3*.Yao Jiang"?* - Nianqin Wang? - Huihui Shen®

Received: 7 May 2023 / Accepted: 8 September 2023 / Published online: 20 September 2023
© Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

In recent years, many hill flattening and gully filling projects are carried out in the northwest of China to create land for con-
struction. These projects have formed a number of loess fill slopes, which are prone to failure induced by rainfall. However,
the failure mechanism of loess fill slope is not clear under rainfall conditions. In this study, a flume model experiment is
carried out to reveal the characteristics and mechanism of failure loess fill slopes. The volumetric water content, soil pres-
sure, and pore water pressure are analyzed to investigate the effect of rainfall infiltration on fill slope. The results shown that
rain-induced failure mode of loess fill slopes exhibited progressive multi-stage sliding characteristics, including slope toe
failure, crack development and penetration, local sliding, and overall misaligned sliding stages. The influence of the weak
interface between the fill slope and the bedrock/natural slope on slope damage was revealed based on the hydromechanical
characteristics. It is shown that the maximum migration rate of wetting front along the weak interface is about 5 times that
in loess fill, and the weak interface becomes the dominant channel controlling the hydrological characteristics of the slope,
accelerating the saturation of the fill loess slope and generating seepage forces towards the outside of the slope, causing the
loess fill slope prone to shear slide along with weak interface. Therefore, we believe that the weak interface between the fill

slope and the bedrock/natural slope surface plays an important role in slope failure.

Keywords Loess fill slope - Flume model experiment - Failure mode - Failure mechanism

Introduction

In recent years, with the implementation of China’s “West-
ern Development” strategy and the “One Belt, One Road”
initiative, a series of construction activities such as hill flat-
tening and gully filling have been carried out in the loess
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mountainous areas in northwest China to expand the urban
land, and the number of loess fill slopes has increased sharply
(Wang et al. 2018; Zhang et al. 2023). The stability of loess
fill slope is determined by the site topographic condition,
the compaction degree, water content, and the construction
process and quality. However, owing to short construction
time and large filling sites, the construction process of loess
fill slope is difficult to meet the construction quality require-
ment, which results in large deformation such as differential
post-construction settlement. More seriously, influenced by
rainfall, the deformed loess fill slopes are prone to form the
loess landslide easily, causing serious casualties and economic
loess (Wang et al. 2014a, b; Zhang et al. 2014a, b; Deng et al.
2018; Wang et al. 2018; Chen and Zhang 2021). For example,
in October 20009, a significant landslide occurred at Panzhihua
Airport, which had a stepped form. The incident was a result
of inadequate treatment of weak foundations on the lower part
of a high fill slope under rainfall conditions. The landslide
caused the reactivation of an old landslide at Yijiaping below,
resulting in substantial economic losses and airport disrup-
tions (Wang et al. 2013). In April 2015, a nearly upright loess
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high fill slope in Henan Province broke under rainfall condi-
tions, burying 20 houses and causing direct economic losses
of approximately 11 million (Chang et al. 2021). In July 2016,
a stepped loess high fill slope in Yan’an, Shaanxi Province,
collapsed during a period of heavy rainfall. The landslide
resulted in a sliding volume of approximately 15.41 million
m? and led to substantial economic losses (Zhang 2020). In
summary, fill loess landslides have become a major geologic
disaster in loess areas of China, which posed a great threat to
regional economic development and engineering construction.
Therefore, it is urgent to reveal the evolutionary characteristics
and failure mechanism of fill loess landslides for reducing the
risk of fill loess landslides, disaster prevention, and prediction.

To study the process and mechanism of slope failure induced
by rainfall, current research methods have mainly utilized numer-
ical simulations (Tsai et al. 2008; Lee et al. 2009; Luca et al.
2014; Song et al. 2016; Regmi et al. 2017; Elkamhawy et al.
2018), in situ experiments (Lim et al. 1996; Zhang et al. 2000,
2013, 2022; Tu et al. 2009; Zhang et al. 2014a, b), and laboratory
flume tests (Okura et al. 2002; Moriwaki et al. 2004; Cui et al.
2014; Wu et al. 2017). Numerical simulation has been widely
adopted to investigate the hydrological process and character-
istics of the slope, deformation evolution, and stability analysis
of slope under rainfall condition (Cho 2016; Yang et al. 2018).
Wang et al. (2014a, b) constructed the coupled equations of soil
motion and rainfall seepage and proposed a two-level Lagran-
gian strain smoothing regularized meshfree formulation based
on the stabilized conforming nodal integration for analyzing
the rainfall infiltration triggered large deformation slope failure.
Numerical results demonstrate that the present method is very
effective for modeling large deformation slope failure processes
induced by rainfall infiltration. In situ experiments are carried
out on slopes using contact and non-contact monitoring instru-
ments for long-term monitoring which mainly focused on the
external variation characteristics of slope failure (Tu et al. 2009;
Chen et al. 2019; Zhang et al. 2019a, b, c). Bentley et al. (2023)
conducted a 5-year surface displacement monitoring program
using UAV-based photogrammetry and conventional total station
measurements of ground control marker grids on an 11-m-high
slope to assess whether surface displacement measurements
can serve as an indicator of potential expansion of a progres-
sive failure surface. Based on this data, it can be concluded that
sufficient pre-failure deformations exist in the case of episodi-
cally retrogressing landslides occurring in the Champlain Sea
Clay within the urban boundary of the City of Ottawa, which
can be measured and serve as precursors to progressive failure.
Compared with numerical simulation and in situ experiments,
laboratory flume tests are the most reliable method to study the
failure mode and mechanism of landslides induced by rainfall. It
has the advantages of easy control and observation, is not limited
by environmental conditions, and can better reflect the influence
of special factors on the experimental results (Wang and Sassa
2001; Rieke-Zapp and Nearing 2005; He et al. 2018; Guo et al.
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2023). Consequently, Zhang et al. (2019a, b, c¢) carried out a
series of laboratory flume tests to reveal the failure mode of slope
under rainfall condition and analyzed the influence of rainfall
characteristics on slope stability. Askarinejad et al. (2018) con-
ducted a full-scale landslide-triggering experiment by artificial
rainfall to analyze the landslide movement behavior. However,
the weak interface between the loess fill slope and the bedrock/
nature slope makes the fill slope with a distinctive sloping geo-
logical structure. This particular geological formation serves to
diminish the cohesion between the filled slope and the nature
slope, and consequently, increases the rainwater infiltration rate
of the fill loess slope. Therefore, in contrast to uniform loess
slopes, the instability mechanism of filled loess slopes is signifi-
cantly more complex and the related research results are fewer
and not deep enough (Zhang et al. 2013; Wang et al. 2019).
For example, Zhang et al. (2019a, b, ¢) and Chang et al. (2021)
conducted a preliminary analysis of the failure characteristics,
failure mode and early warning model construction of fill slopes
under rainfall conditions by using flume tests, which revealed the
relationship between external factors (rainfall intensity, surface
morphology of loess fill slopes) and slope failure. However, the
study did not consider the influence of the special weak interfaces
of the fill slopes on the seepage, stress, and failure characteristics.
Guo et al. (2023) illustrated the influence of weak interfaces on
seepage characteristics, stress characteristics, and deformation
characteristics of the fill slope, and confirmed that weak inter-
faces are the main factors affecting the failure characteristics of
fill slopes. However, the failure mechanism of fill slope under the
influence of weak interface is not clear.

In this study, a laboratory flume test is conducted to reveal
the failure process, mode, and mechanism of the loess fill
slope under rainfall conditions. The variations of water con-
tents, pore water pressure, and soil pressure are monitored in
real time until the apparent failure occurred on the loess fill
slope. Based on these monitoring data, the influence of weak
interface on the seepage field, stress field, and deformation
field of loess fill slopes triggered by rainfall are explored and
analyzed, thus revealing the deformation and damage pat-
terns and instability mechanisms of loess fill slopes induced
by rainfall, which is of great significance to the prevention
and accurate prediction of loess fill slope instability.

Methods
Prototype slope and model slopes

A real loess fill slope, located in Lintong County, Shaanxi
province, is selected as the geological proto for experi-
mental loess fill slope (Fig. 1). It is a gentle slope of a
pure loess fill slope with a height of 24 m and a gradient
of 30°, which directly deposited on nature loess slope. On-
site exploration shows that the soil of fill slope belongs to
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Lishi loess, with strong collapsibility and disintegrability
(Zhang et al. 2013; Zhang and Liu 2010; Li et al. 2020).
The model slope was built in a 5.0 mXx 1.0 mX 1.0 m
(Iength X width X height) rigid model box. The side and bottom
plates of the box are non-magnetic transparent Plexiglas plates
with a thickness of 3 cm. In addition, three sets of automatic
lifting and shifting devices are equipped at the front, middle,
and back ends of the simulation box, which can be used to split
and combine the simulation box, and can also realize the simu-
lation of slopes with different slope angle. The simulation box
is also equipped with an artificial rainfall system, high magni-
fication camera photography, stress sensor, pore water pressure
sensor, and stress—strain acquisition system. According to the
experience of previous experimental studies, combined with
the operability of this test, the size of this landslide physical
model was determined as 1.4 mx 1.0 mx 0.3 m, the slope angle
is 30° (Fig. 2); the model slope was constructed by the layered
filling method during the test, and the dry density and moisture
content of the loess fill slope were controlled to remain the
same as the prototype slope during the filling process, with a
gravity similarity constant of 1.0. By way of laboratory tests
and following the standard for soil test methods (ASTM 2017),
we measured the basic physical parameters of soil in the model

tests are shown in Table 1. Considering the size effect of the
test model box, the loess sample was broken by hammers and
passed through a 5-mm screen. The grain size distribution in
Fig. 3 shows that soil particle size >0.05 mm accounted for
4%, between 0.005 and 0.05 mm particle size accounted for
61.9%,<0.005 mm particle size accounted for 34.1%, the test
loess particles are mainly composed of powder particles.

Sensor selection and placement

The sensor instruments used in this study were comprised of
four main components, including the volumetric water con-
tent sensors, pore water pressure sensors, soil pressure sensors,
and data acquisition instruments (Fig. 4). The objective of this
experiment was to investigate the rainfall infiltration and inter-
nal stress response characteristics of the filled loess slope. To
achieve this, the volumetric water content sensor was selected
to monitor the slope’s internal water infiltration characteristics,
while the pore water pressure sensor and soil pressure sensor
were used to observe the internal stress response characteristics.
The YBY-4010 data acquisition instrument was used to perform
data acquisition at a frequency of once every half minute. Fig-
ure 5 illustrates the placement of the volumetric water content,
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Fig.1 The loess fill slope in Linton County. a, b, ¢ The location of study area; d prototype fill loess slope in the study area

@ Springer



385 Page4of18

Bulletin of Engineering Geology and the Environment (2023) 82:385

(b)

/N Y Y Y Y /
’I/II,lII,lIlI’//I,

/o / / /
/ Loess filled slope/ A B A O Y
/ ; [/

Ground line

Unit:mm

Weak interface

Model box

YIS I IY I PP
SIS S S S S S S S, S SIS S S S S S

ISP I IIIIIIII S S S S
S S S S S s

Fig.2 Model slope and sectional dimensions (unit: mm). a The physical picture of model; b schematic diagram of the model

pore water pressure, and soil pressure sensors within the slope
body. To minimize the influence of the boundary effect on the
sensor monitoring results, the sensors were arranged outside
the boundary effect zone. Previous studies have shown that the
boundary effect range is usually 1/10 of the model width (Zhou
et al. 2020; Luo et al. 2021; Zhang et al. 2021); however, in
order to ensure the complete elimination of the influence of
the boundary effect and the reliability of the test results, the
boundary effect range in this study was determined to be 1/5
of the length of the model, equivalent to 200 mm. Three layers
of sensors were placed parallel to the horizontal plane inside
the slope, with the vertical distance between two adjacent lay-
ers of sensors being 100 mm. A “square grid” monitoring net-
work was formed using three longitudinal monitoring lines and
three transverse monitoring lines on each sensor plane, with
the spacing between two adjacent longitudinal monitoring lines
being 300 mm, and the spacing between two adjacent transverse

Table 1 Physical properties of loess in the model tests HOA

W(%)  p(glem®) e G, w, (%) o, (%)
1668  1.66 0.90 270 18.53 30.55
IA I, a,_, MPa™ly  E c/kPa @ (°)
11.02 -0.17 0.273 0.16  68.25 38.73

W represents water content, p represents natural density, e represents
void ratio, Gy represents specific gravity, w; represents liquid limit
water content, w), represents plastic limit water content, I, represents
plasticity index, I, represents liquidity Index, a,_, represents the coef-
ficient of compressibility; Eg represents modulus of compressibility, ¢
represents cohesion, ¢ represents internal friction angle
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monitoring lines being 500 mm. Three sensors of the same type
were placed on the same transverse monitoring line, resulting in
atotal of 9 volumetric water content sensors, 9 pore water pres-
sure sensors, and 9 soil pressure sensors being placed in the test.

Artificial rainfall tests

The rainfall test was conducted at Xi’an University of Science
and Technology’s large geological disaster physical simulation
laboratory using an artificial rainfall device. The apparatus com-
prised a bucket, a submersible pump, flow statements, a pressure
gauge, hoses, and a nozzle, with a rainfall height of 5 m (Fig. 6a).
To ensure that the generated raindrops covered an area larger
than the model area, the water supply pipe branch was densely
arranged. The sprinkling system was calibrated before testing
to arrange the spray nozzles reasonably and guarantee rainfall
uniformity greater than 80% (Fig. 6b). The rainfall intensity was
determined as 68 mm/h, which belongs to heavy rainfall condi-
tions, based on the classification standard of rainfall intensity of
the China Meteorological Administration and the meteorological
data of Lintong County. During the test, continuous long-time
rainfall was used, and the slope surface’s macroscopic deforma-
tion characteristics were monitored in real-time by a high-magni-
fication camera. Soil pressure, volumetric water content, and pore
water pressure were recorded every 30 s. The test was terminated
if obvious deformation or overall landslide occurred on the slope.

The rainfall test lasted 6025 s, and the rainfall uniform-
ity reached 82.98% (Fig. 6¢), meeting the requirement of
rainfall uniformity.
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Fig.3 Grain size distribution of
tested loess soil
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Results

Volumetric water content response of fill slope
during rainfall

The variation curves of volumetric water content at the slope
toe, mid-slope and slope crest are shown in Fig. 7.

Figure 7a shows that rainfall infiltration resulted in an
abrupt change in the W5 volumetric water content sensor
at the foot of the slope. The W volumetric water content
increased from 23.73 to 39.85% in a linear trend with

T T T

Particle diameter (um)

increasing rainfall time. Once the soil water content reached
39.85%, the W; volumetric water content stabilized and
remained consistent as rainfall continued to infiltrate. Fur-
ther infiltration caused the W, volumetric water content sen-
sor to change, with the W, volumetric water content increas-
ing from 23.73 to 39.85% at an average rate of 3.5%/min. As
the weight of the overburden increased, the slip force along
the weak interface between the fill slope and the bedrock/
natural slope increased, leading to sliding at the foot of the
slope before rainwater infiltrated at W,. As a result, the W,
water content sensor remained constant.

Fig.4 Sensors instruments used
in experiments. a Volumetric
water content sensor; b pore
water pressure sensor; ¢ soil
pressure sensor; d YBY-4010
data acquisition instrument
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As can be seen from Fig. 7b, the initial change in W,
volumetric water content sensor occurred due to tilted hori-
zontal infiltration along the weak interface. This caused the
volumetric water content to increase from 23.73 to 37.45%
with an average rate of 0.81%/min at mid-slope. Once the
volumetric water content of W, became stable, the vertical
infiltration of rainfall led to a change in the W sensor. The
volumetric water content increased from 23.73 to 38.65%,
with an average rate of increase of 0.38%/min. The com-
bined effect of inclined horizontal infiltration and vertical
infiltration resulted in an increase in W5 volumetric water
content from 23.73 to 40.89%. The average rate of increase
of water content in W5 was much higher than that of W, and
W, volumetric water content sensors, at 2.29%/min.

@ Springer

As shown in Fig. 7c, the volumetric water content of W,
Wy, and Wy all exhibited a three-stage trend of “uniform
increase—slow increase—stable constant” as the duration
of rainfall increased. However, the horizontal infiltration
along the weak interface inclined caused the W, and Wy
volumetric water content sensors to change earlier at the
top of the slope, saturating the contact soil with water and
reducing the shear strength. After the W, and Wy volumetric
water content sensors essentially remained unchanged, the
W, volumetric water content gradually increased. This led
to an increase in the weight of the overlying soil, further
reducing the slip resistance, increasing the slip forces, and
ultimately resulting in a misaligned collapse of the soil at
the top of the slope.
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Fig.6 The layout of the Arti-
ficial rainfall tests showing. a
Test equipment; b calibration
tests for rainfall spray nozzles; ¢
results of calibration tests

(a) Bucket
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Soil pressure response of fill slope during rainfall

The variation curves of soil pressure at the slope toe, mid-
slope, and slope crest are shown in Fig. 8.

Figure 8a illustrates the three-stage trend of the soil pres-
sure of T and T,, which can be described as “stable and
gentle—gradually increasing—gradually decreasing.” The
infiltration of rainwater leads to saturation of the soil with
water and increases its self-weight, resulting in a gradual
increase in the soil pressure of T and T,. This soil pressure
reaches a peak value at approximately 3270 s. Subsequently,
the slope toe enters the microfracture development stage,
and as the microfracture progresses and expands, the internal
stress of the soil is unloaded, leading to a gradual decrease in
the soil pressure until the slope toe eventually slides. Moreo-
ver, it was observed that the T; soil pressure data decreased
sharply when the rainfall duration was approximately 2000s.
This phenomenon was attributed to the local disintegration
of the soil at the top of the slope toe, which led to a decrease
in the thickness of the soil. Overall, these findings provide
valuable insights into the dynamic behavior of soil pressure
in relation to rainfall-induced landslides.

As can be seen from Fig. 8b, the inclined infiltration
along the weak interface initially resulted in changes in the
T, soil pressure sensor. As the inclined infiltration intensi-
fied, the self-weight of the soil increased, causing gradual
increases in both the T, and Tj soil pressures, with a peak
observed at around 4140 and 2500 s, respectively. At this
stage, the T soil pressure sensor showed no significant
changes due to the low vertical infiltration of the topsoil and

Flow statement

Constant pressure value

G-type rotating nozzle

Pressure gauge

Ps / e /
/ ——
=0

Rainfall intensity(mm/h)

40

20
ol s s s s L s s s
5 6 7 8 9

1 2 3 4
Measuring point number

the small thickness of the soil layer. Approximately 4000 s
later, continuous infiltration of rainfall caused spalling and
migration of soil particles within the soil body, leading
to the development of microfractures at mid-slope. This
resulted in a gradual decrease in soil pressure until local
sliding occurred at mid-slope.

According to the findings presented in Fig. 8c, it can be
observed that the inclined infiltration along the weak inter-
face leads to an increase in the soil weight at the bottom,
with the T soil pressure sensor being the first to increase
until the bottom soil is fully saturated by around 1000 s of
rainfall. However, as the rainfall continued, the vertical infil-
tration of the rainfall led to an increase in the weight of the
overlying soil layer, and the T, Tg, and T, soil pressure sen-
sors grew simultaneously at around 3000 s, before the soil
pressure remained relatively stable at around 4000 s. As the
rainfall continues, we find that the T, soil pressure sensor
decreases first, due to the development of microfractures
in the soil at the bottom caused by the sloping infiltration
of the weak interface. With the development of microfrac-
tures at the bottom, the soil shear strength further decreases
and the slope slides along the weak interface in an overall
misaligned sliding pattern, resulting in an instantaneous
decrease in T, Ty, and T, soil pressure sensors.

Pore water pressure response of the fill slope
during rainfall

The variation curves of pore water pressure at the slope toe,
mid-slope, and slope crest are shown in Fig. 9.
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Fig. 7 The variation curves of volumetric water content with time under rainfall conditions. a slope toe; b mid-slope; ¢ slope crest
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Fig.8 The variation curves of
soil pressure with time under
rainfall conditions. a Slope toe;
b mid-slope; ¢ slope top. G
represents starting point for soil
pressure reduction
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As shown in Fig. 9a, the pore water pressure values at P;  rainfall reached 4410 s, the pore water pressure value at P,
and P, located at the slope toe remain constant at 0 through- ~ began to increase linearly. Once the pore water pressure

out the rainfall duration. Conversely, when the duration of ~ value reached 0.4 kPa, the soil at the slope toe collapsed.
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Fig.9 The variation curves of
pore water pressure with time
under rainfall conditions. a
Slope toe; b mid-slope; ¢ slope
crest

The volumetric water content sensor W, remained almost
unchanged during the entire duration of the experiment, indi-
cating that there was no water infiltration at this particular
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location. Therefore, the corresponding pore water pressure
value for P, was consistently 0. When the test results of volu-
metric water content for W, and W; were combined with
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the pore water pressure data for P, and P, it was observed
that there was significant hysteresis in the response time of
pore water pressure inside the fill slope caused by rainfall
conditions when compared to the response time of volu-
metric water content. This was attributed to the fact that the
volumetric water content changes immediately once the wet-
ting front reaches the sensors, while the pore water pressure
changes only after the infiltration water passes through the
permeable stone of the pore water pressure sensors.

Figure 9b reveals the behavior of pore water pressure at
various depths along the mid-slope. Pore water pressure
readings from the Py sensor located at a buried depth of
100 mm were consistently 0 and unchanged throughout
the rainfall duration. However, readings from the P, and
P5 sensors showed a change at rainfall durations of 2100s
and 4200 s, respectively. The pore water pressure gradu-
ally increased with increasing rainfall duration. At a rainfall
duration of 5700 s, the pore water pressure values for P,
and P began to decrease, with P5 showing a continuous
decreasing trend and P, exhibiting fluctuating decreases. The
maximum values of pore water pressure observed during the
rainfall were 2.2 kPa for P, and 0.3 kPa for Ps.

Figure 9c reveals the pore water pressure trends at various
depths along the slope top. Sensor Py, located at a buried
depth of 100 mm, showed a consistent and unchanged pore
water pressure reading of O throughout the rainfall duration.
Pore water pressure changes in P; and Pg sensors were simi-
lar, exhibiting a four-stage change trend of “slowly increas-
ing—gradually decreasing—sharply increasing—sharply
decreasing.” The pore water pressure at P, and Pg sensors
changed at rainfall durations of 300 s and 1860s, respec-
tively, showing a gradual increase in values. As the rainfall
duration reached 4500 s, the pore water pressure of P; and Pg
sensors gradually decreased with readings of 0.99 kPa and
0.6 kPa, respectively. The pore water pressure of P, and Py
sensors then gradually increased, growing to a maximum of
1.66 kPa and 0.9 kPa, respectively. After reaching maximum
values, the pore water pressure of P, and Pg sensors sharply
decreased, and the slope ultimately failed.

Discussion

Seepage characteristics analysis of loess fill slope
induced by rainfall

Due to slope damage tends to occur when the volumetric
water content is at maximum value, and the volumetric
water content responds to rainfall earlier than the pore water
pressure (Abramson et al. 1996; Eichenberger et al. 2013),
in-depth analysis of rainfall seepage characteristics within
the slopes of loess fills becomes the key to analyzing slope
failure patterns and failure mechanisms (Hakro and Harahap

2015; Fan and Wang 2019). Assuming that rainfall infiltrates
perpendicular to the face of the fill and along the weak inter-
face between the fill and the bedrock/natural slope, the initial
growth response time of the volumetric water content can
be analyzed to reveal the predominant form of infiltration
on the fill slope (Fig. 10a). Figure 10b shows that the initial
growth response time of the sensors on the weak interface
(W, W,) is much earlier than that of the other water content
sensors inside the fill slope (Wy, Wg, W¢, W5, W3, W),
indicating a predominance of tilted infiltration at the base of
the fill slope. Comparing the results of the volumetric water
content sensor tests at burial depths of 10 cm and 20 cm
respectively, the initial growth response times of the Wy and
W5 volumetric water content sensors are 15 min and 41 min,
which are earlier than the initial growth response times of
the upper volumetric water content sensors (Wy and W) of
48 min and 48.5 min, while the initial growth time of the
W, volumetric water content sensor is 77.5 min, which is,
later than the upper volumetric water content sensor (W)
and the same depth of burial sensor (W5), implying that
tilted infiltration occurs mainly at Wg and W5 volumetric
water content sensors and coupled vertical and tilted infil-
tration of rainfall may occur at W, volumetric water content
sensor. Based on the migration modes, migration distance
and migration time, the migration rate of wetting front can
be calculated, as shown in Table 2. The data show that the
maximum migration rate of the wetting front perpendicular
to the fill loess slope is 13.3 x 10~3 m/min, and the maximum
migration rate of the wetting front along the weak interface
is about 71 X 10™3 m/min, which is about five times higher
than in loess fill. In addition, we found that at the same depth
of burial, the volumetric water content sensors (Wg, Wy,
W) migrated at a rate of 2.4 X 10~ m/min, 2.5x 10~ m/
min, and 13.3 X 10~ m/min respectively, with the maximum
vertical migration rate at slope toe surface (Fig. 10c). This is
because the slope angle of the loess fill slope is 30°, part of
the upper rainwater on the slope surface perpendicular to the
slope surface occurs vertical infiltration, and the other part
occurs runoff along the slope surface, resulting in increas-
ing migration rate of the wetting front at slope toe surface.
In this paper, the migration characteristics of the wet-
ting fronts during the test were investigated by recording
the position of the infiltration at different times on the glass
on both sides of the model box and the initial response time
of the volumetric water content. As shown in Fig. 13, the
migration process of the wetting front can be divided into
three stages: (1) partial infiltration stage (0—32 min) (2) the
wetted front connection stage (32—77.5 min), and (3) the
infiltration phase at the base of slope toe (77.5-100.4 min).
At the partial infiltration phase (0-32 min), the weak
interface becomes the dominant path for rainfall to infiltrate
into the slope, with wetting fronts appearing first at the base
of the slope crest and migrating along the weak interface
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Table 2 Migration rate of

. Location
wetting front

Sensors number

In loess fill slope At weak interface

Wo W W, W, W W, W, W, W

Migration distances (m)
Migration time (min)

The migration rate (1073 m/min)

0.12 0.12 0.12 02 0.7 023 02 07 0.9
485 48 32 15 41 775 25 22 -
24 25 133 153 170 30 71 31.8 -

towards slope toe as rainfall infiltrating (Fig. 11a). When
the rainfall duration reached 32 min, vertical infiltration of
rainfall causes wetting fronts to appear at the top of the foot
of the slope (Fig. 11b). At the wetting front connection stage
(32-77.5 min), the wetting fronts formed by vertical infil-
tration of rainfall gradually migrate from the slope toe to
the crest, and the wetting fronts formed by tilted infiltration
of the weak interface migrate from the slope crest to slope
toe, and the wetting fronts are interconnected (Fig. 11c).
During the infiltration phase at the base of slope toe
(77.5-100.4 min), the two wetting fronts gradually expand,
connect, and surround the base of the slope toe, resulting
in no rainfall response at the base of the slope toe until the
slope is failure (Fig. 11d). The seepage characteristics of the
loess fill slope indicate that the weak interface between the
fill slope and the natural slope can influence the migration
of the wetting fronts by forming a preferential flow path and
control the change of the seepage field of the fill loess slope,
accelerating the saturation process of the fill slope.

Failure mode analysis of loess fill slope induced
by rainfall

The failure mode of fill loess slopes under rainfall is closely
related to various factors, including stratigraphic struc-
ture, slope morphology, seepage characteristics, and soil

properties (Chen et al. 2018; Sun et al. 2021). By combining
the deformation characteristics, seepage characteristics, and
stress response characteristics observed in this model test,
the instability pattern of the loess fill slopes can be general-
ized into four stages: slope toe damage, crack development
and penetration, local sliding, and overall misaligned sliding.

Slope toe damage stage: At the beginning of the rainfall,
a head difference is created between the top and foot of the
slope due to the slope angle and surface runoff. The runoff and
infiltration of rainfall cause severe erosion to the soil at the
foot of the slope. Volumetric water content sensors installed
on the slope confirm that the soil at the foot of the slope (W5)
becomes saturated first, followed by the mid-slope (W) and
top of the slope (Wy), and when rainfall duration reaches
2042s, the soil at the foot of the slope collapses, leading to a
sharp drop in Tj soil pressure (Fig. 8a).

1. Crack development and penetration stage: Subsequent to
the destruction of the slope toe, the geometry, seepage, and
stress conditions of the slope are altered due to the loss of
support. The impact of raindrops on the loess structure of
the slope creates a thin compacted layer that acts as a seal-
ing layer on the soil surface, which further increases slope
runoff and enhances erosion (Helalia et al. 1988; Moore
and Singer 1990). As rainfall continues, rainwater infiltrates
along the weak interface towards the slope toe, ultimately

Fig. 11 Migration process
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softening the soil and reducing its strength. This, combined
with the erosion on the slope surface, creates tension cracks
on the left side of the slope toe and mid-slope that gradually
develop, expand, and penetrate downwards. As the cracks
grow, the internal stress balance of the slope is disrupted
and the soil pressure in the central part of the slope is grad-
ually reduced (Fig. 8b). Based on the onset of soil pressure
decay, it is apparent that T, < T5 < Ty, indicating that tensile
cracks are gradually penetrating upwards from the bottom.

2. Local sliding stage: The presence of tensile cracks in
the fill loess slope facilitates the infiltration of rainwater,
which enhances the impact of rainfall on the slope. As
rainfall infiltrates the slope, a transition zone is created at
the base of the slope where the soil approaches saturation
and the shear strength of the weak interface deteriorates.
Furthermore, our observations indicate that infiltration
forces and head differences are formed in the rainwater
present within the cracks and at a certain depth of the
slope. Due to the influence of self-weight and infiltration
forces, local sliding damage occurs along the weak inter-
face, as depicted in Fig. 12c. These findings emphasize
the combined effects of rainfall infiltration, slope runoff,
and the presence of tensile cracks in promoting slope
instability and the development of sliding damage.

3. The overall misaligned sliding stage: After local damage
occurs, the slope’s geometry, seepage, and stress condi-
tions change once again. Prolonged rainfall, however,
creates preferential channels on the weak interface, lead-
ing to faster saturation of the fill slope and a subsequent
deterioration of soil mechanical parameters. Addition-
ally, these preferential channels generate seepage forces

that act on the outside of the slope, further altering the
seepage and stress fields of the slope. This weakens the
bond between the fill slope and the original slope, mak-
ing the fill slope more vulnerable to overall misplaced
sliding along the weak interface (Fig. 12d).

Failure mechanism analysis of loess fill slope
induced by rainfall

Previous studies have shown that loess fill slopes are engi-
neered slopes consisting of natural bedrock slopes, loess fill,
and interfaces, making the failure mechanism of these slopes
more complex than that of uniform loess slopes (Chang et al.
2021). The unique inclined geological structure of these slopes
alters the internal stress distribution in the soil during rainfall,
further complicating slope failure mechanisms. For instance,
Wau et al. (2018) suggested that the slope is more likely to fail
along the soil-bedrock contact than along the wetting front
when preferential flow reaches the bedrock surface. Gerscov-
ich et al. (2006) proposed that the preferential flow of rainfall
along highly weathered bedrock at the slope crest causes a rapid
rise of pore water pressure, eventually leading to slope failure.
Wen et al. (2005) and Zhang et al. (2019a, b, c¢) similarly found
that a preferential flow path formed at the interface between soil
and bedrock is crucial in the hydrological processes that lead to
slope failure. In conclusion, the above analysis indicates that the
weak interface between the bedrock/natural slope and the fill
slope plays a crucial role in determining the stability of the fill
slope. Indeed, this experimental study finds that the weak inter-
face becomes the dominant flow path under rainfall, with the
wetting front progressively moving along the contact towards

Fig. 12 Failure evolution of

fill loess slope under rainfall
conditions. a Slope toe damage
stage; b crack development and
penetration stage; ¢ local sliding
stage; d the overall misaligned
sliding stage

Ao
Seepage foré‘aéface oG
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the foot of the slope, and the soil at the weak interface becom-
ing saturated first (Fig. 11). From the moisture content contour
plot, it can be seen that during rainfall, the weak interface soil
has a higher volumetric moisture content, the maximum pore
water pressure, reduced shear strength, and reduced slip resist-
ance of the weak interface (Fig. 13). In addition, vertical infil-
tration into the slope as well as surface runoff cause damage to
the toe of the slope, the slope loses support, and local sliding
of the soil occurs along the weak interface. After local sliding
of the slope, the slope loses support at the trailing edge and the

stress conditions changed in the slope. The continuous rainfall
inclined seepage action causes seepage forces to be generated
outwards on the weak interface and the slip resistance of the
soil on the weak interface is reduced. Under the influence of
multiple factors of self-weight and infiltration, the sliding force
of the loess fill slope increases, the slip resistance decreases,
and the slope body undergoes overall misaligned sliding. The
test results show that the weak interface between the bedrock/
natural slope and the loess fill slope becomes the dominant
channel for rainwater infiltration into the slope, and there is

Fig. 13 Volumetric water con-

tent contour map. a 7=20 min; (a)
b T=32 min; ¢ T=77.5 min; d
T=100.4 min
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relatively high pore water pressure on the weak interface, which
makes the fill slope more prone to trigger landslides along the
weak interface, and the failure mode is slip-tensioning. There-
fore, the preferential flow path formed on the weak interface
should always be considered in the engineering control of the
fill slope (Guo et al. 2023). In summary, it can be seen that the
weak interface of the fill slope controls the failure mechanism
of the slope. On the one hand, the existence of the weak inter-
face makes the slope inclined infiltration rate greater than the
vertical infiltration rate, and the weak interface becomes the
dominant channel for rainfall infiltration, with the largest pore
water pressure and the lowest strength of the soil on the weak
interface. On the other hand, its special geologic structure pro-
vides sliding surfaces for the occurrence of the fill landslides,
which accelerates the destabilizing damage of the slope. There-
fore, the weak interface of fill slopes becomes a non-negligible
factor in analyzing the failure mechanism of fill slopes.

Conclusions

This study presents an experimental investigation of the
hydrological characteristics, damage modes, and damage
mechanisms of rainfall-induced loess slopes through flume
tests, elucidating the failure evolution of the slope, stress
response characteristics, and the impact of the weak inter-
face on slope failure under rainfall conditions. The research
findings have important implications for the prevention and
management of slope instability and disaster prediction of
loess fill slopes. The following are the key conclusions of
our study:

1. During rainfall duration, vertical infiltration and tilted
infiltration along the weak interface occurred in loess fill
slope. The maximum migration rate of the wetting front
perpendicular to the slope surface is 13.3 x 10~ m/min,
and the maximum migration rate of the wetting front
along the weak interface is 71 X 107> m/min, which is
about five times that of the vertical wetting front rate.
This indicates that the weak interface between the fill
slope and the bedrock/natural slope becomes the domi-
nant flow path for rainfall infiltration and controls the
change of seepage field of the fill loess slope, accelerat-
ing the saturation process of the fill slope.

2. The dominant flow path along the weak interface
between the original slope and the fill slope not only
accelerates the saturation of the slope and leads to dete-
rioration of the mechanical properties of the soil, but
also generates permeability towards the outside of the
slope, thus changing the seepage and stress field of the
fill slope, weakening the adhesion between the fill slope
and the bedrock, with the maximum pore water pressure

@ Springer

on the weak interface and making the fill slope more
susceptible to sliding along the weak interface.

3. According to the variation characteristics of the volume
water content, pore water pressure and horizontal soil pres-
sure of the loess fill slope, combined with the slope defor-
mation, the failure mode of the loess fill slope induced by
rainfall belongs to the slip-tensioning type, which shows
the gradual failure from the slope toe to slope crest. At the
beginning of the rainfall, local failure occurs at the slope
toe and the slope loses its support. As the rainfall contin-
ues, the slope slides along the weak interface at multiple
levels, triggering traction landslides.
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