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Abstract: When tests are conducted on the field slope under artificial rainfall, because artificial
rainfall is often limited to implementation in the mode of local rainfall, there is a boundary constraint
effect between the rainfall area and the non-rainfall area, which is manifested in the lateral infiltration
of rainwater and the slope deformation retardation of non-rainfall area to the rainfall area. Firstly, a
deep-buried isolated trench was proposed to solve these boundary constraints. Then, field cracking
tests and the corresponding numerical simulation were conducted under rainfall. In the end, the
response of water content and the cracking failure characteristics of the slope were analyzed during
rainfall, and the effect of a deep-buried isolated trench on the cracking characteristics of the slope was
evaluated. The results indicate that the proposed deep-buried isolated trench measure can effectively
eliminate the deformation retardation resulting from the adjacent non-rainfall area so a through-crack
parallel to the slope shoulder that extended on both sides of the boundary of the rainfall slope was
observed at the slope crest and a cracking failure in the shape of the overall downward cutting
was realized. As the crack occurred, the rainwater infiltration further aggravated expansion of
depthwise cracks, and a local sliding zone was formed in the upper part of the slope. The deep-
buried isolated trench solves the boundary constraints, such as lateral infiltration of rainwater and
deformation retardation, and can provide an effective technical measure for the field slope test under
artificial rainfall.

Keywords: artificial rainfall; loess slope; field test; deep-buried isolated trench; cracking failure characteristics

1. Introduction

Landslides occur frequently in the Chinese Loess Plateau, which threatens people’s
daily lives and production safety. Rainfall is a vital inducer of landslides [1]. Rainy weather,
especially continuous intensive rainfall, easily causes large-scale landslides [2,3]. Therefore,
it is a very important to study the mechanism of rainfall-induced landslide disasters. When
studying the impact of rainfall on slope damage, researchers often pay more attention to
the response of various parameters of the slope while ignoring the importance of boundary
conditions. Whether scientific research is carried out through experiments or numerical
simulation, the boundary conditions are the key factors that affect the test results, that is,
the results will be more accurate only by setting reasonable boundary conditions.

The boundary conditions of a landslide play a decisive role in its failure mode and char-
acteristics. Researchers studied typical loess landslides in northwest China and Heifangtai
landslides in Gansu Province, China [4,5]. The results demonstrated that the landslides
are in the form of a round-backed chair [6]; in other words, the upper edge of the natural

Water 2022, 14, 1123. https://doi.org/10.3390/w14071123 https://www.mdpi.com/journal/water

https://doi.org/10.3390/w14071123
https://doi.org/10.3390/w14071123
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/water
https://www.mdpi.com
https://orcid.org/0000-0002-0174-1076
https://orcid.org/0000-0002-7745-1411
https://doi.org/10.3390/w14071123
https://www.mdpi.com/journal/water
https://www.mdpi.com/article/10.3390/w14071123?type=check_update&version=2


Water 2022, 14, 1123 2 of 16

landslides generally moves downward on both sides. Moreover, a natural landslide is
characterized by more severe damage near the central axis along the longitudinal direction,
with weakening damage toward the flanks. Such uneven failure is obviously caused by
boundary constraints. The soil near the central axis is minimally affected by boundary
constraints, whereas the left and right edges are more significantly affected. As we all know,
the theory of material mechanics, based on the stress characteristics of slopes, assumes
that the slope is in plane strain. Thus, in a slope collapse or landslide disaster, the form of
deformation and failure should be in the shape of overall downward cutting. However, the
phenomenon of natural landslides is unlike that of an idealized form, with the constraints
at the rainfall boundary.

Several studies have been conducted using a simulation numerical method to analyze
the influence of lateral boundary conditions on the model. Griffiths et al. [7] set the
boundary conditions as ‘rough-smooth’ and ‘rough-rough’ for the analysis of slope stability;
however, the failure form of the slope was not mentioned in their paper. Ashraf et al. [8]
constructed a core of low-permeability soil on both sides to realize different hydraulic
conductivities between the center and the two sides of seepage flow. However, to apply
such a method to numerical simulation of slope engineering, innovative exploration is
needed. Hou et al. [9] introduced an interface film element to the air element method
in order to improve the poor imitation occurring on the contact surface between strong
and weak permeable media. However, for different engineering problems, the relative
permeability coefficient of the interface film element needs further study.

Therefore, when studying a specific failure mechanism of the rainfall slope, in order to
obtain reasonable rainfall infiltration data of the field slope, controllable artificial rainfall is
the preferred rainfall mode. Responses of various parameters can be monitored through
field slope tests in local slope under artificial rainfall [10]. The advantages of conducting
on-site rainfall tests are significant, but at the same time, due to the limited width of the
test slope and the constraint boundary, it is difficult to realize the idealized failure mode in
a field rainfall test.

To reduce the adverse effect of boundary constraints and lateral infiltration, scholars
have taken some measures in field tests under local artificial rainfall, such as metal plates
measuring 200 mm high and buried about 80 mm into the slope to prevent runoff to other
areas [11]. A piece of hard white iron sheet with a height of 60 cm was buried in the soil at
the boundary of the rainfall area, called a rigid isolation measure [12]. The rigid isolation
measure was also applied by Zhou et al. [13,14] in a field test in which the buried depth
was 50 cm. In view of the insufficient buried depth in rigid isolation measure, Fu et al. [15]
buried a hard white iron sheet with a height of 1.5 m into the soil at the rainfall boundary.

In the previous tests, the rigid isolation measure was widely used at the boundary of
the rainfall area, but there were three defects that need to be addressed. Firstly, the flattened
layout of this kind of hard material is difficult in construction. Secondly, due to the hard
properties of the material, it cannot be buried more than 1.5 m in construction, although
the infiltration depth of rainwater can reach 3.0 m in the loess area [16]. Apparently, the
measure hardly prevented lateral loss at the deeper depth. Thirdly, the surface of the
material is not quite smooth, so the uneven deformation will be aggravated again in the
process of expansion. The rough surface increases friction between soil and the material.
As a result, the free deformation of the rainfall area is hindered by the deformation of the
non-rainfall area.

In summary, when a failure test is conducted on a field slope under local artificial
rainfall, the methods used to improve boundary constraints, such as the rigid isolation
method, have adverse effects on the test results. In view of the above deficiencies, a deep-
buried isolated trench at the rainfall boundary was proposed to solve these boundary
constraints. Then, field tests and the corresponding numerical simulation were conducted
under rainfall, and the response of water content and the cracking failure characteristics of
the slope were analyzed. In the end, the effect of a deep-buried isolated trench on cracking
characteristics was evaluated. The purpose of this study was to eliminate the constraint at
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the rainfall boundary under local artificial rainfall and to realize the failure mode of overall
downward cutting. Overall, this study provides an effective technical measure for the field
slope test under artificial rainfall.

2. Methods and Materials
2.1. Deep-Buried Isolated Trench Method

When the artificial rainfall test is conducted on a local slope, because the width of the
rainfall region is limited, there is a boundary constraint effect between the rainfall area
and the non-rainfall area. The effect is manifested in the lateral infiltration and dissipation
of rainwater, as well as the slope deformation retardation of the non-rainfall area to the
rainfall area. Thus, the infiltration response will be weakened, and the cracking failure
form of the slope will inevitably be affected.

In order to solve these boundary constraints and problems under local artificial rainfall,
we proposed a measure termed deep-buried isolated trench. The deep-buried isolated
trench measure was implemented three steps, as follows:

(1) We selected the natural slope with soil quality and slope that met the test requirements.
A trench with a width of 0.1 m on both sides of the boundary close to the rainfall
region was vertically excavated downward along the slope crest and surface to the
specified depth. The depth of the trench was greater than the maximum local statistic
value of the infiltration depth. The trench was maintained upright, and the side wall
was flat during excavation. The floating soil at the bottom was finally cleaned up to
ensure that it did not influence the effect of the isolated trench.

(2) We calculated the required area of the whole isolated cloth according to the depth and
width of the trench. Afterward, the isolated cloth, with the characteristics of a dense
texture, softness, good ductility, impermeability, and a smooth surface was cut out
and spread out on the ground and was slowly placed at the bottom of the trench to
fully cover the side wall of the trench.

(3) We backfilled the trench layer by layer and tamped after every 0.2 m of soil thickness
to achieve a compactness close to that of the original slope. The slope crest surface of
the isolated trench was leveled.

(4) A schematic of the proposed deep-buried isolated trench of the field slope is shown
in Figure 1a, and the slope after construction with the isolated trench is shown in
Figure 1b.

Figure 1. Treatment measure of deep-buried isolated trench. (a) Schematic diagram of the isolated
trench; (b) the slope crest after construction with isolated trench.
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The proposed measure has a solid theoretical foundation and some advantages for
practice implementation as follows:

(1) The deep-buried isolated trench can effectively prevent the lateral loss of rainwater
that infiltrates into deep within the rainfall area by means of the impermeable iso-
lated cloth, so as to separate the rainfall area from the non-rainfall region, and an
independent rainfall area can be formed in a better test condition.

(2) In order to eliminate retardation deformation in the rainfall area resulting from
the boundary constraint of the adjacent non-rainfall area, an isolated cloth with
smooth surface and lower friction coefficient is used in the deep-buried isolated
trench. The approach ensures the natural deformation and the crack from initiation to
expansion in rainfall area. Thus, the free deformation of the soil will be realized in the
test slope.

(3) The isolated trench is leveled and backfilled layer by layer so that the stress of the
rainfall area of the field slope is consistent with that of the non-rain area, and the
plane strain stress state will be restored. In short, an overall downward-cutting form
of the failure can be achieved, and the accuracy and reliability of the test slope can be
improved under local artificial rainfall.

2.2. Basic Information of Test Slope

Wuqi County is located in the hilly and gully region of the hinterland of the Loess
Plateau, about 150 km west of Yan’an City. There is mainly large-grained silty loess with
strong collapsibility in this region. The average annual precipitation is 450 mm; however,
the rainfall is concentrated from July to September, reaching about 65% of the annual
precipitation and frequently inducing landslide disasters.

A sloping ground with a height of 5 m was selected as the site in Wugu Town,
Wuqi Count. The soil is homogeneous within 5 m below the surface and is brownish-
yellow with a large particle size. The viscosity is not strong, composed of silty loess.
Before the test, the weeds on the slope surface were cleaned up. Two slopes with a width
3 m and an inclination of 60◦ were formed. The natural slope is shown in Figure 2a, and the
trimmed slope is shown in Figure 2b. Physical and mechanical parameters were measured
by undisturbed soil samples, as shown in Table 1.

Figure 2. Test slope: (a) natural slope, (b) test slope after trimming.
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Table 1. Physical and mechanical characteristics of loess.

Natural
Water

Content (%)

Natural
Density
(g·cm−3)

Liquid
Limit
(%)

Plastic
Limit
(%)

Permeability
Coefficient

(m·s−1)

Collapsibility
Coefficient

Cohesion
(kPa)

Internal Friction
Angle (◦)

8.93 1.44 26.43 16.42 5.72 × 10−6 0.11
Natural Saturation Natural Saturation

16.32 9.05 26.62 23.93

2.3. Construction of Deep-Buried Isolated Trench

The width of rainfall range is 2.5 m, and the height is 5 m, so the ratio of width to
height is 0.5. In addition, polyethylene plastic cloth with characteristics including a dense
texture, softness, good ductility, impermeability, and a smooth surface, was selected as
the isolated cloth finally. Because the infiltration depth in the rainfall region can reach
3.0 m [17], in order to prevent lateral seepage loss of rainwater from affecting the test results,
a trench with a width of 0.1 m and a depth 4 m was excavated at the boundary outside the
rainfall area (Figure 3a), laid with isolated cloth (Figure 3b), backfilled and compacted in
layers (Figure 3c), and covered for protection (Figure 3d).

Figure 3. Construction process of isolated trench: (a) excavation of isolated trench; (b) laying isolated
cloth and backfill soil at the slope crest; (c) laying isolated cloth and backfill soil at the slope surface;
(d) protection after construction.
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2.4. Embedding of Monitoring Equipment

Based on the characteristics of distribution and prominent disasters induced by rainfall
in this region [1,2,17], the test was conducted on slope 1 under heavy rainfall with a rainfall
intensity of 57 mm in 24 h, whereas on slope 2, the test was conducted under a rainstorm
with a rainfall intensity of 87 mm in 24 h and a duration of continuous rainfall of 144 h.
To measure the data of volumetric water content, six moisture sensors (No. E1–E6) were
embedded in each slope. Then, the impact was analyzed on the seepage field of the slope.
A diagram of the sensor layout is shown in Figure 4. A picture of local artificial rainfall on
the slope crest is shown in Figure 5a, and that of on the slope surface is shown in Figure 5b.

Figure 4. Schematic diagram of moisture sensor layout.

Figure 5. Rainfall on test site: (a) rainfall on the slope crest; (b) rainfall on the slope surface.

3. Results
3.1. Characteristics of Cracking and Failure of Test Slopes

Rainwater infiltration was accompanied by a gradual deformation and displacement
under local artificial rainfall. It was mainly manifested in the development of a through-
crack parallel to the slope shoulder. The through-crack extended to both sides of the
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boundary at the slope crest 50–60 cm away from the slope shoulder during heavy rainfall
and rainstorm, as shown in Figure 6a,b and Figure 7a,b. The deformation and displacement
resulted in a differential settlement and a region of bulging and collapse on the slope
surface under heavy rainfall and in rainstorm, as shown in Figures 6c and 7c, respectively.

Figure 6. Cracks of the slope under heavy rainfall: (a) microcrack growth; (b) transverse penetration
of crack at the slope crest; (c) bulging curves at the slope surface.

Figure 7. Cracking of the slope under rainstorm: (a) through-crack at the slope crest; (b) sliding body
of the slope; (c) collapse cracks at the slope surface.

3.2. Cracking and Failure Process of the Test Slopes

Numerous engineering practices have shown that slopes become unstable because
of cracking and deformation caused by rainfall [18,19]. Once cracks appear at the slope
crest, safety becomes more difficult to guarantee [20]. In addition, Zhang et al. [12] reported
that cracks are the key inducers of landslides. Therefore, in this test, the inducement
and characteristics of cracking and failure were observed during rainfall. The process of
rainfall cracking and failure can be divided into four stages: slope shoulder gully, crack
development at the slope crest, crack propagation and slope bulging, and crack penetration
and slope collapse.

In the first stage, a rill was formed on the shoulder of the slope. The surface of the slope
crest was flat before rainfall, but the splashing action of raindrops caused the surface to
become uneven immediately after the rainfall started. Thus, as the rainwater further eroded
the soil, a microflow was gradually developed, generating vertical and horizontal micro
runoff. Consequently, a crisscross micro rill was formed on the slope crest. The ponding
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area of the local surface gradually expanded to a continuous flow to the slope surface,
and the scouring action had a traction effect on the surface during longitudinal runoff; the
surface loess was eroded to form an apparent rill with a significant effect on the slope crest.
The test results demonstrated that there are three important prerequisites for cracks at the
slope crest, mainly including the progressive gully effect of erosion, the scouring caused by
rainfall, as well as the advantage of the free surface at the front edge of the slope.

In the second stage, cracks were developed at the slope crest. With the continuous
infiltration of rainwater, the soil at the slope crest was close to saturation. Therefore, if
no tensile strength exists between soil particles, the soil can undergo tensile cracking.
Moreover, the tensile strength between the soil particles, which was originally very low,
will decrease rapidly to zero. The main factors are the influence of the free surface of the
slope and the weakening effect of rainwater infiltration. Thus, the tensioned microcracks
occurred at the surface of the slope crest as soon as tensile strength of the loess was reduced
or even completely lost.

In the third stage, crack propagation and slope bulging occurred. At the initial stage
of crack formation, only a small amount of rainwater infiltrated into the crack. Part of
the remaining rainwater continued to infiltrate, whereas the other part was discharged by
surface runoff, which caused serious scouring on the slope surface. With an increase in
water infiltration depth, the soil along the crack surface was destroyed gradually, whereas
the tensile strength of deep loess was greatly reduced. The structure composed of soil
particles near the crack surface was also destroyed by soaking because the area near the
crack was always saturated, and the cementation between soil particles was reduced.
These behaviors resulted in a significant reduction in soil cohesion. In addition, the cracks
gradually evolved into seepage channels of rainwater as the vertical cracks extended [21].
The pressure between the top and the bottom of the crack, difference, and the erosion of
water on the side wall facilitated the crack expansion [22]. A structural plane was ultimately
formed inside the slope. Thus, an independent soil column was formed by the front edge of
the crack. Under the influence of factors such as seepage pressure and collapsibility of soil,
the independent soil column had obvious settlement deformation, and the front and rear
edges of cracks formed a downward-cutting displacement. Moreover, multiple bulging
cracks appeared on the slope surface, and a bulging zone was formed between the shear
outlet and the slope shoulder.

In the fourth stage, crack penetration and slope collapse occurred. The weight of the
soil, with a certain thickness below the slope crest, increased substantially as the rainfall
continued. In addition, rainwater infiltration led to a considerable reduction in the shear
strength of the soil, resulting in failure at the bottom of the crack. The crack extended along
the oblique direction and formed a shear outlet at the slope surface under the swelling area.
At this time, the crack at the crest extended to the slope surface. The slope evolved into a
sliding body of the landslide, with the accumulation of settlement of the independent soil
column at the front cracks, as well as the development of lateral displacement toward the
free surface of the front edge. The rainfall-induced cracking at the slope crest finally evolved
into a landslide. The cracking and failure form of cohesive soil in this test is considerably
different from that of cohesionless soil. In rainfall tests of slopes in cohesionless soil, tension
cracks always gradually develop upward from the slope toe [23].

4. Discussion
4.1. Analysis of the Change Law of Volumetric Water Content in Monitoring Points

During the local artificial rainfall on the test slope, we collected volumetric water con-
tent data of measuring points at different depths and positions. The changes in volumetric
water content of the measuring points are shown in Figure 8. The change law of slope 1
under heavy rainfall is shown in Figure 8a, whereas that of slope 2 under a rainstorm is
shown in Figure 8b.
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Figure 8. Change curves of volumetric water content at measuring points: (a) under heavy rainfall;
(b) under rainstorm.

By comparing Figure 8a,b, on the one hand, the average gradient of the change rules
is small in slope 1, i.e., the initial growth time of volumetric water content is scattered in
slope 1, whereas that of in slope 2 is relatively concentrated. On the other hand, the greater
the rainfall intensity, the faster the infiltration rate of rainwater in the silty loess slope.
In addition, it can be observed that the initial growth time of E1 is approximately 10 h later
than that of E6 in slope 1, whereas in slope 2, the initial growth time of E1 is approximately
5 h earlier than that of E6. This phenomenon is considerably different from the infiltration
law in the conventional slope [24] and causes the difference in deformation, as discussed in
detail in Section 4.3.

4.2. Analysis of Cracking Change Law on Slope Crest

Microcracks appeared at the slope crest when heavy rainfall lasted for 84 h (Figure 6a),
developing into cracks with a depth of approximately 55 cm and a width of approximately
3 cm when the rainfall continued for 132 h in slope 1 (Figure 6b). Microcracks occurred at
the slope crest when the rainstorm lasted for 76 h, developing into a crack with a depth of
60 cm and a width of 3 cm when the rainstorm lasted for 122 h in slope 2 (Figure 7a). It is
worth noting that the initial cracking time in slope 1 is slightly later than that in slope 2.



Water 2022, 14, 1123 10 of 16

Based on the data of cracking width measured during rainfall, the curves of crack
width with time at the crest of slope 1 and slope 2 are shown in Figure 9. The crack width
increased with local artificial rainfall, which is shown as a pattern of alternating growth.
At the initial stage of cracking, the rainwater and depth of infiltration were limited [25],
resulting in the slow growth of the crack width. However, the rapidly increase in rainwater
infiltration depth at the later stage resulted in a substantial increase in the weight of the
soil, thus accelerating crack expansion. In addition, at the later stage of rainfall, the growth
of crack width was considerably facilitated by the scouring of large-scale runoff caused by
the rainstorm [26].

Figure 9. Curves of crack width with time in test slopes.

4.3. Evaluation of Cracking Failure Characteristics with Deep-Buried Isolated Trench

Two schematic diagrams of cracking and deformation on the test slopes under local
artificial rainfall are shown in Figure 10; in particular, that under heavy rainfall is shown in
Figure 10a, whereas that under rainstorm is shown in Figure 10b. It can be observed that a
series of transverse microcracks were generated on the lower part of the local sliding body
of slope 1, whereas some collapse cracks were formed on the local sliding body of slope 2.
These observations indicate that the deformation on the surface of the loess slope under
rainstorm was more severe than that under heavy rainfall. The results also demonstrate that
the distance between the slope shear outlet and the slope shoulder under rainstorm were
greater than those under heavy rainfall. When the soil of the superficial layer tended to be
saturated, large-scale runoff formed on the surface of the steep slope under the rainstorm,
and its scouring effect on the slope surface was more significant.

Figure 10. Cont.
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Figure 10. Schematic diagram of failure mode under rainfall of the local slope: (a) heavy rainfall,
(b) rainstorm.

A crack was observed in the shape of a round-backed curve, extending from the left
boundary to the right edge at the crest of slope 1, whereas a through-crack parallel to the
slope shoulder extending to both boundaries of the rainfall slope was observed at the slope
crest of slope 2.

When the isolated trench was backfilled, the soil compaction was higher because of
excessive tamps at the right boundary of slope 1, resulting in a compaction effect on the
adjacent soil and uneven compactness in the transverse direction, which may have caused
a significant reduction in permeability according to the different degree of compaction [27].
Therefore, the rate of rainwater infiltration was reduced, and it took a longer time for
rainwater to infiltrate into measuring point E1 in slope 1. Moreover, the greater horizontal
pressure led to a increased friction between the isolated cloth and the soil. Under the
action of the above factors, a crack in the shape of a round-backed curve occurred and
extended from the left boundary to the right edge at the crest of slope 1. This crack mode
completely corresponded to the abnormal phenomenon, i.e., that the initial growth time of
measuring point E1 was approximately 10 h later than that of measuring point E6 in slope 1.
The abnormal phenomenon was caused by the uneven compaction of backfill soil in the
isolated trench on both boundaries.

Under the uniform compaction of the backfill soil in the isolated trench on both
boundaries, the through-crack parallel to the slope shoulder developed at the slope crest in
slope 2 showed that the constraint at the rainfall boundary was almost eliminated by means
of the deep-buried isolated trench. In other words, when the isolated trench measure was
implemented, the cracking failure form was close to the overall downward cutting of the
slope, which may simulate some phenomena, consistent with the most damaged area near
the central axis and reports of landslides in [4,5]. The mode of a through-crack parallel to
the slope shoulder demonstrated that the proposed deep-buried isolated trench measure
can effectively eliminate deformation retardation outside the rainfall range, and then the
overall downward-cutting cracking form was realized. Thus, the deep-buried isolated
trench measure is proven to provide more guarantee of the boundary conditions.

4.4. Numerical Simulation Analysis of Rainfall Slope in Double Isolated Trench
4.4.1. Model Establishment and Boundary Condition

By adopting the isolated trench measure, the test results showed that the cracking
forms are all approximately through-cracks parallel to the slope shoulder. In order to
evaluate the harm of slope cracks, some research has been conducted on slope cracking
and deformation caused by simulated rainfall [28–30]. Hence, Geo-Studio [31] finite-
element software of was used to establish two kinds of numerical models under plane
strain. One numerical model (NMOD) was used to simulate continuous rainfall infiltration
without cracks, and the other numerical model (NMODC) was used to simulate continuous
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rainfall infiltration under activation cracks. The crack had a depth of 60 cm and a width
of 3 cm. The crack was activated when the simulated rainstorm lasted for 122 h, so as to
conform to the characteristics of cracking failure in test slope 2. The simulated rainfall
parameters in numerical simulation analysis are consistent with those used in the field test.

The site of the artificial rainfall test was at the top of the mountain, and the ground-
water level was very deep. Through numerical experiments, the groundwater level was
set at 10 m below the slope bottom in the numerical model. The numerical model and the
monitoring points in the numerical simulation are shown in Figure 11.

Figure 11. Monitoring points of numerical models under simulated rainstorm.

In order to compare with the test results, the six monitoring points (Nn1–Nn6 represent
the monitoring points in NMOD and Ny1–Ny6 represent the monitoring points in NMODC)
were established in the two numerical models, the six monitoring points were set, and
the location of the monitoring points was the same as that of the field slope. Moreover,
in order to contrastively analyze the influence of cracks on infiltration, 16 monitoring
points (Nn7–Nn22 in NMOD and Ny7–Ny22 in NMODC) were arranged in layers in the two
numerical models, with a monitoring time of 240 h.

The most significant feature of test slope 2 was the formation of a through-crack on the
slope crest. Therefore, features of cracks must be fully considered in analysis of numerical
simulations, particularly for cracks with the same characteristics as those in the field test,
such as crack position, depth, and parameters of infiltration [32]. Consideration of these
features enables an accurate analysis in the numerical model.

Elahe et al. [33] simulated slope cracks by weakening properties of material and found
that surface cracking had a considerable impact on slope safety. Based on the cracking
failure process under artificial rainfall observed in this study, the geometric parameters of
the crack in NMODC were set as a depth of 60 cm and a width of 3 cm when the simulated
rainstorm lasted for 122 h. In this study, we applied the method of equivalent permeability
coefficient [34] to accurately determine the crack characteristics. According to this method,
the crack area was accurately simulated by changing the value of material parameters, and
the continuation of crack was ignored. The soil in the crack zone in NMODC, with the
same position as the crack zone of test slope 2, was set as a large permeability coefficient.
The soil gravity in the crack zone was set as zero from 122 h to 240 h.

The physical parameters of the two numerical models are shown in Table 2. To ac-
curately analyze the change rule of unsaturated soil seepage during simulated rainfall,
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the V-G model of unsaturated soil [35] was selected to obtain values of the parameters.
The formula is given as:

θw = θr +
θs − θr[

1 + (ψ/a)n]m (1)

kw = ks

[
1 − aψn−1

(
1 + (aψn)−m

)]2

(1 + aψn)m/2 (2)

where θr is the saturated water content; θs is the residual water content; ψ is the negative
pore water pressure; a, n, and m are the fitting parameters; and ks is the saturated perme-
ability coefficient. The ks of the soil in the crack zone was 0.5 m/s and 5.72 × 10−6 m/s in
the other zone.

Table 2. Mechanical properties of slope material.

Material θr/% θs/% a/kPa n m ks/m·s−1

Soil 38.4 2.7 12.92 1.68 0.38 5.72 × 10−6

4.4.2. Discussion on Change Law of Volumetric Water Content in Monitoring Points

Figure 12 displays the change curves of volumetric water content, including the
monitoring points of Nn1–Nn6 in NMOD and Ny1–Ny6 in NMODC. We observed that the
volumetric water content in the two numerical models was different, as the crack was set at
122 h of simulated rainfall.

Figure 12. Change curves of volumetric water content in the two numerical simulations.

The change trend (Figure 12) of volumetric water content at Ny1–Ny6 in NMODC under
simulated rainstorm was largely consistent with that in the field test results (Figure 10b).
This indicates that the seepage field after applying the isolated trench was largely consistent
with that of the numerical model (NMODC). In addition, the volumetric water content in
the test slope decreased faster than that in NMODC when the simulated rainfall stopped.
This phenomenon occurred because a crack with fixed geometric parameters was set in
NMODC, whereas the crack expanded further in the field test, even after the simulated
rainfall was over.

In particular, the volumetric water content of Nn3 in NMOD and Ny3 in NMODC,
which were closest to the slope crest, varied considerably after activation of the crack in
NMODC. The volumetric water content of Ny3 in NMODC was less than that of Nn3 in
NMOD because Ny3 was close to the preset crack. The lateral infiltration of simulated
rainwater led to a change in water content at Ny3. As the measuring points were far away
from the crack in NMODC, the variation law of the volumetric water content was close to
that in NMOD.
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In addition, the 16 numerical monitoring points in NMOD and in NMODC were
distributed in the four layers. They were divided into upper, middle, lower, and bottom
monitoring points. The change curves of volumetric water content from 100 h after the
beginning of simulated rainfall are shown in Figure 13a–d.

Figure 13. Curves of volumetric water content in additional monitoring points in the two numerical
simulations: (a) upper points; (b) middle points; (c) lower points; (d) bottom points.

According to the upper numerical monitoring points, the variation rule of volumetric
water content of points (Nn7, Nn11, Nn15, and Nn19) in NMOD was basically consistent
with that of points (Ny7, Ny11, Ny15, and Ny19) in NMODC (Figure 13a), but the volumetric
water content in NMODC was slightly lower than that of corresponding points in NMOD.
The main reason is that the points (Ny7, Ny11, Ny15, and Ny19) were located on both sides
of the crack in NMODC, resulting in lateral infiltration into the crack to some extent.

In the middle layer, the points were located 0.4 m below the crack bottom; compared
with the computational results of measuring points (Nn8, Nn12, Nn16, and Nn20) in NMOD,
there was a local surge phenomenon in computational results of the measuring points (Ny8,
Ny12, Ny16, and Ny20) in NMODC (Figure 13b) after the activation of the crack. The local
surge phenomenon still existed at the lower points (Figure 13c) and the bottom points
(Figure 13d); however, the increased amplitude of this surge decreased with the increasing
depth of the measuring points.

In short, the volumetric water content of soil near the crack was considerably affected
by simulated rainwater infiltration after the crack occurred, and the crack would be a
potential threat to slope stability during rainfall.
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5. Conclusions

In field test on slopes under local artificial rainfall, there are mainly two kinds of
boundary constraints that affect test accuracy. The boundary constraints include the lateral
infiltration and dissipation of rainwater, as well as the slope deformation retardation of non-
rainfall areas to the rainfall area. We proposed a measure to address boundary constraints
affecting test accuracy. The proposed measure is an isolated trench consisting of deep-
buried isolated cloth at the local boundary. The isolated cloth should have characteristics
of a dense texture, softness, good ductility, impermeability, and a smooth surface.

The local artificial rainfall test showed that the proposed measure effectively elimi-
nated the deformation retardation outside the rainfall range, resulting in a through-crack
parallel to the slope shoulder at the slope crest. An overall downward-cutting cracking
form was realized.

The crack width developed slowly at first and then rapidly. As the crack occurred
at the slope crest, rainwater infiltration aggravated the depthwise expansion. Based on
rainfall tests and numerical simulations, it is worth noting that local sliding zone was
formed in the upper part of the slope. The mechanism of the failure mode was due to a
comprehensive effect, including rainwater flowing down along the cracks at the slope crest
and the continuous infiltration at the slope surface.

In summation, a deep-buried isolated trench can solve the boundary constraints and
provide an effective technical measure for the field slope test under artificial rainfall.
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