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Tunnel excavation has always been an important reason for the stability failure of the tunnel-slope system at the portal section. In case
of rainfall, it is likely to cause serious disasters such as tunnel vault collapse, water inrush from the tunnel face, and slope slip. In this
study, the Sunjiaya tunnel of the Daping slope group was taken as the engineering background, and the tunnel model experiment
system under the condition of rainfall and groundwater seepage was designed independently to explore the failure laws of slope
instability induced by tunnel excavation under the condition of rainfall. Meanwhile, a fiber grating monitoring system was also
used to measure the displacement, water content, earth pressure, and seepage pressure at different positions of the tunnel-slope
system in the process of tunnel excavation under the condition of rainfall. The results show that the slope instability caused by
rainfall infiltration is gradual. At the beginning of rainfall, the rainfall infiltration has little effect on the stability of the tunnel-slope
system and then gradually increases with the continuous rainfall. Finally, the slope surface is uneven, and the phenomenon of gully
and surface flow is serious. The foot of slope moves back continuously, resulting in overall collapse. Moreover, during the process
of tunnel excavation, the cracks on the tunnel vault of the unburied tunnel lining develop in quadratic along the tunnel excavation
direction, and the closer to the excavation section, the larger the collapse range. Finally, there is an integral collapse of the vault of
tunnel excavation section. In addition, variation laws of parameters in the tunnel-slope system also provide an important
explanation for the hysteresis of the stability failure of the tunnel-slope system. The results have important guiding significance for
the stability of the tunnel-slope system during construction.

1. Introduction

When constructing tunnels in the central and western regions
in China, it is inevitable to build tunnels in the slope because
of various reasons such as the particularity of engineering,
route planning, and incomplete survey quality, etc. There is
often a “tunnel-slope” interaction at the entrance and exit of
the tunnel when the tunnel is under construction [1]. Tunnel
excavation destroys the stress balance and reduces the stability
greatly [2]; in case of rainfall, it is easy to induce the creep
deformation of the slope and even the overall slide [3–5].
Moreover, after the slope instability, the tunnel will have cracks,
deformation, and even vault collapses [6, 7], which will seri-

ously affect the construction safety and the progress of engi-
neering. Therefore, it is of great significance to study the
influence of tunnel excavation on slope stability under the
condition of rainfall to ensure the engineering safety and con-
struction quality.

In recent years, the theoretical analysis of the interaction
between the tunnel and slope has developed rapidly [8], which
is the important means to evaluate the stability of the tunnel-
slope system. Many useful theories, such as the transmitting
coefficient method [9] and the limit analysis method [10],
have been applied to reveal the formation mechanism and
the failure mode of tunnel structure in slope areas. Moreover,
in the analysis of the tunnel-slope interaction, the theory of the
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beam on elastic foundation is also often widely used [11]. At
present, the finite element method is generally used to solve
the problem of elastic foundation beam. However, the finite
element method has a large amount of calculation and
requires many parameters, which often results in a large differ-
ence between the simulation results and the actual values [12,
13]. Therefore, the slip line theory provides a new idea to eval-
uate the stability of the tunnel-slope system. It plays an impor-
tant role in the derivation of the disturbance range caused by
the tunnel excavation and the minimum safe distance between
the tunnel vault and slip zone [14]. Although these theories for
evaluating the stability of the tunnel-slope system are mature
and perfect, they still have many disadvantages. For example,
the calculation process is complex and difficult to solve, the
actual engineering parameters are imperfect, and the failure
process of the slope instability cannot be observed.

The geomechanical model is also one of the important
measures to predict the instability of the tunnel-slope system.
Relevant experts and scholars in Japan first summed up the
geological model of the tunnel deformation in the slope areas.
After that, Ma [15] put forward five kinds of geological struc-
ture models of the slope disease and the tunnel deformation
by investigating the deformation of the main railway tunnels
in themountain areas of China. On this basis, Tao [16] theoret-
ically analyzed the stress mode and the deformation mecha-
nism of tunnel under the combined action of slope thrust
and ground pressure. Wu [17] further enriched the geomecha-
nical model of the tunnel-slope system and finally obtained the
interaction law of the tunnel-slope system. According to the
above, when dividing the geological structure model of slope
diseases and tunnel deformation, most experts mainly consider
the rock structure characteristics, the spatial position relation-
ship between the tunnel and the slope, and the time effect of
surrounding rock deformation [18–20]; the combined influ-
ence of engineering disturbances and hydrogeological condi-
tions are rarely considered.

Because the large-scale model experiment can be closely
combined with the actual engineering background, many
experts and scholars often use this method to study the stability
of tunnels in landslide areas and havemade a series of results. S.
Ganger [21] first discussed the slope sliding problems caused
by tunnel excavation construction through model experiments
and summarized the causes of diseases. Then, Tao [22] andWu
et al. [23–25] studied the interaction mechanism between slope
deformation and tunnel stress in a landslide section, the varia-
tion laws of tunnel lining pressure, and the deformation char-
acteristics of the tunnel and slope through different model
experiments. On the basis of previous studies, Zhang et al.
[26], Yin et al. [27], and Chen [28] obtained the stress charac-
teristics and disaster prevention measures of tunnel damage
caused by landslide instability during the operation period by
studying the reinforcement effect of anchor cable of different
numbers of tunnels, the stress and deformation characteristics
of self-anchored reinforcement structure, and the arrangement
of rear embedded antislide piles at different spacing, which pro-
vided a reference for the tunnel design in the landslide areas. At
present, more and more scholars have added more field condi-
tions to the model experiment. By studying the landslide insta-
bility induced by rainfall infiltration, Ai et al. [29] and Gao et al.

[30] have obtained the catastrophic evolution processes of the
tunnel-slope system and the stress characteristics of the tunnel.
Through the shaking table model experiment of the tunnel
structure, Li et al. [31] obtained the acceleration characteristics,
formation deformation laws, and internal force distribution of
the shallow buried bias and non-bias tunnel.

Other methods, such as the numerical simulation analysis
and the engineering monitoring, are often used to analyze this
problem [32, 33]. Xing et al. [34] investigated the influence of
the tunnel excavation on the stability of the surrounding rock
mass through a three-dimensional (3D) numerical analysis
under the combined action of complex geologies and engi-
neering disturbances. The displacement and strength degrada-
tion areas around the excavation areas were discussed in detail.
This study provides effective suggestions for the stability eval-
uation and reasonable support after the tunnel excavation in
complex geology. Through numerical simulation and model
experiment, Zhang et al. [35] found that the influence range
of the slope deformation caused by tunnel excavation is 1.5
times that of the tunnel span. Gattinoni et al. [36] recon-
structed the conceptual model of both the slope dynamics
and the tunnel construction at first. Then, based on numerical
simulation, it is concluded that long and heavy rainfall can
contribute to slope instability much more than tunnel excava-
tion itself. Qin [37] studied the stability of slope before and
after the tunnel excavation through the actual tunnel engineer-
ing monitoring, analyzed the failure mechanism of the side
slope during tunnel construction, and finally concluded that
the excavation of the portal section had the greatest impact
on the stability of the slope.

To sum up, previous studies on this problem mainly use
theoretical analysis and numerical simulation [38] and rarely
consider the impact of rainfall during the tunnel excavation.
Moreover, because the model experiment often requires spe-
cific instruments and equipment, the model experiment has
certain difficulty, and it is difficult to obtain the experimental
law, the results of themodel experiment are relatively backward
compared with those of other researchmethods. Therefore, this
study intends to use the independently designed multifunc-
tional platform for tunnel model experiment under the action
of rainfall and groundwater seepage to carry out the model
experiment research. Moreover, the fiber Bragg grating (FBG)
monitoring system is used to measure the water content in dif-
ferent positions and depths of the tunnel-slope system, as well
as the change laws of displacement, soil pressure, and seepage
pressure in the upper part of the tunnel vault during the whole
rainfall process. This study could provide an important basis
for tunnel safety in construction in the slope area.

2. The Designment of the Model Experiment

2.1. Determine Similar Parameters. In this model experiment,
the Sunjiaya tunnel of the Daping slope group was taken as the
engineering background. Typical slope sections were selected
for the model experiment [39, 40]. According to the actual
engineering size and the model experiment box specifications,
the geometric similarity ratio and the bulk similarity constant
were selected in this experiment.
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SL = 80, Sγ = 1: ð1Þ

Based on the analysis of the seepage theory and the runoff
theory, the Weber criterion can be used as the rainfall similar-
ity criterion for the rainfall infiltration experiment. The rela-
tionship between the rain intensity scale and the geometric
scale can be deduced as follows [41].

Su = Sl
−1/2: ð2Þ

In the model experiment, the Sl is 80, and the similar scale
of rain intensity Su is 0.11. The rain type used in this model
experiment is moderate rain (30mm/d).

2.2. Choose Similar Materials. Based on mechanical parame-
ters of prototype soil of the Sunjiaya tunnel of the Daping
slope group and previous experiments [28, 29], the similar
soil materials are proportioned in Table 1.

2.3. TheModel Experiment Device. The independently designed
tunnel model experiment system under the action of rainfall
and groundwater seepage is composed of a model experiment
box, artificial rainfall simulation system, groundwater seepage
simulation system, tunnel excavation simulation system,
ground stress loading system, and intelligent data collection
system. It belongs to a multifunctional experiment platform.

The model box [42] is shown in Figure 1; the internal net
size of the model experiment box is 2:5m × 1:0m × 1:4m
(length × width × height). There are two tunnel openings of
different sizes on the front and side of the model box. The
diameter of the front tunnel excavation hole is 30 cm, and
the diameter of the side tunnel excavation hole is 20 cm. In
the model experiment, the box can be adjusted using the lift-
ing angle reasonably within the range of 0~30° according to
the experiment requirements (the angle control accuracy is ±
1°, and the maximum lifting mass is 20 t). In addition, visual
glasses are installed on the side of the model box, which is
convenient to observe the phenomenon changes in the
model experiment in real time. Four pieces of visualization
glasses are installed on the side of each model box, and the
size of each piece of visualization glass is 80 cm × 40 cm
(length × width).

The artificial rainfall simulation system [42] is mainly
composed of the rainfall device and the rainfall control system,
as shown in Figures 2 and 3. In the rainfall control system, the
appropriate rainfall intensity can be selected in the rain inten-
sity selection areas according to the experiment requirements.
There are four rainfall modes set in this system: light rain
(5~10mm/d), moderate rain (10~25mm/d), heavy rain
(25~50mm/d), and torrential rain (50~70mm/d). The rainfall

and the dynamic rainfall curve can be viewed in the statistical
rainfall curve column and the report viewing column in real
time.

The rainfall device mainly adopts nozzle type sprayers,
with a total of 15 sprayers, which are arranged in three col-
umns with a spacing of 15 cm. Under the regulation of the
rainfall control system, the rainfall sprinkler can automati-
cally adjust the effective rainfall height within the range of
0~2m and the spraying range (0~3m2).

The groundwater seepage simulation system [42] is mainly
composed of the intelligent pressurized water supply and the
drainage system, as shown in Figure 4. In the intelligent

Table 1: The proportion of similar soil materials.

Name Material Ratio

Bedrock Clay, lime 7 : 3

Slope Medium sand, clay, talcum powder, water 11 : 3 : 4 : 2

Sliding zone Laying talcum powder and water with double-layer plastic film 2 : 1

Tunnel lining PVC pipe With a dimeter of 15 cm

Tunnel opening Tunnel opening

Figure 1: The model box [42].

The ground pressure loading system

The artificial rainfall simulation system

The model box

Figure 2: Three-dimensional tunnel model experiment system
under rainfall and groundwater seepage [42].
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pressurized water supply system, the water supply conditions
required by different experiments are mainly simulated by the
layered water supply device. Among them, the layered water
supply device is mainly arranged in four layers inside themodel
box. The total length of each layer of the water supply pipe is
80 cm, the diameter is 20mm, and 2mm small holes are dis-
tributed every 5 cm on the water pipe, which can meet the
experiment water level requirements of 0.2m minimum water
level and 1.3m maximum water level.

Through the combination of the intelligent data collection
system and the groundwater seepage simulation system,
parameters such as the pressure value of water supply pipeline
of 0~0.6MPa, the water supply flow of 0~08m3/h, and the soil
water content from 0 to 100% can be automatically collected.
After the experiment is ended, the drain solenoid valve and
multiple drain valves or the total drain port are opened accord-
ing to the water level, and the water will be automatically dis-
charged into the waste water collection box. The drainage
system can stop working automatically when the drainage pipe
does not emit water.

The tunnel excavation simulation system [42] is shown in
Figure 5. The tunnel excavation device has four specifications
of the excavation radius, including 15 cm, 20 cm, 25cm, and
30 cm. The height of the support can be adjusted upward
and downward, and the adjustment range is 0~130 cm. The
excavation method adopts automatic drilling with an electric
drilling rig, which can ensure the characteristics of the stability
and the accuracy of excavation footage in the process of tunnel
excavation.

The ground stress loading system [42] is mainly com-
posed of two compression plates, each of which has an area
of 0.3m2, as shown in Figure 6. The maximum pressure con-
trol range is 50mm, and the maximum simulated ground
stress is 1MPa. It can remain stable for 7 days after the
end of the pressurization.

The intelligent data collection system is mainly composed
of the intelligent data collection system and the intelligent data
analysis system, as shown in Figure 7. In the intelligent data
collection system, the data collection is mainly carried out by
the FBG demodulator and FBG monitoring elements, as
shown in Figure 8. Among them, the FBG demodulator is a

The groundwater 
seepage simulation 
system 

Figure 4: The groundwater seepage simulation system [42].

Figure 5: The tunnel excavation simulation system [42].

Figure 6: The ground stress loading system [42].

Rain intensity
selection area

The control panel of 
intelligent artificial 
rainfall simulation 

system

Variable 
frequency 

switch
Control power Rain switch

Figure 3: The rainfall control system.
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universal 16-channel wavelength demodulator, which has the
functions of 1525~1565nm wavelength measurement range,
100Hz wavelength demodulation rate, and the maximum
capacity of 80 FBG sensors in a single channel. The main mon-
itoring elements are fiber grating displacement gauge (accu-
racy: ±0.05mm, range: 0~40mm), fiber grating earth pressure
gauge (range: 0~1.6MPa), and fiber grating seepage pressure
gauge (range: 0~1.2MPa). The water monitoring adopts a
TDR III-type soil moisture sensor (accuracy (0~50%RH): ±
2%, range: 0~100%) in the slope. Through the intelligent data
collection system and the intelligent data analysis system, the
real-time monitoring and the dynamic analysis of monitoring
data can be realized.

2.4. Experiment Steps

2.4.1. Making Bedrock. The bedrock is simulated with the
mixture of clay and lime, and the bottom surface is made
into a plane. Moreover, the model box is paved in layers
every 10 cm and compacted layer by layer.

2.4.2. Paving Strip. As shown in Figure 9, the sliding material
is simulated by the mixture of talcum powder and water in
the middle of the double-layer plastic film. The composition
ratio is 2 : 1, and the thickness of the strip is 5 cm.

2.4.3. Burying Lining. As shown in Figure 10, the supporting
structure of the tunnel portal section is simulated by a PVC
pipe. According to the geometric similarity ratio, the PVC
pipe with a diameter of 20 cm, a length of 20 cm, and a thick-
ness of 0.3 cm is selected for simulation.

2.4.4. Making Slope. The slope is simulated by the mixture of
medium sand, clay, talc powder, and water. After mixing the

simulated materials evenly, each 10 cm layer was paved into
the model box and compacted layer by layer.

2.5. The Embedding of Sensors. Fiber grating sensors are
mainly arranged in the model box in two layers, in which

FBG monitoring elements

Figure 8: FBG monitoring elements [43].

FBG demodulatorThe data collection system

Figure 7: The intelligent data collection system [43].

Figure 9: The paving of sliding belt materials.

20 cm

Figure 10: The embedment of the PVC pipe.
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those sensors are arranged parallel to the slide and 5 cm above
the slide in the first layer. They are mainly arranged at the
front, middle, and back edges of the slope. The second layer
is arranged in the middle of the slope and is parallel to the first
layer.

In the direction of the tunnel excavation, three sensors
(displacement sensor, seepage pressure sensor, and soil pres-
sure sensor) are arranged at 1R on the top of the tunnel vault
along the direction of the tunnel axis. Specific arrangement
can be seen in Figures 11 and 12.

3. The Analysis of Stability Changes of the
Tunnel-Slope System during Rainfall

3.1. The Analysis of Stability Changes during Tunnel Excavation.
Under rainfall conditions, tunnel excavation is mainly divided
into the following three stages: (1) the development stage of

rainfall infiltration, (2) the development stage of the seepage
channels inside the tunnel, and (3) the development stage of
the tunnel arch collapse. To facilitate the control of excavation
footage, the current footage of each excavation is 3 cm, which
is equivalent to 3m of the blasting excavation in actual con-
struction. In this experiment, the electric drill is used to excavate
in the form of full section for 9 times in total. When the tunnel
is excavated to the ninth time, the whole tunnel vault collapses
suddenly and the experiment ends.

3.1.1. The First Stage: The Development Stage of Rainfall
Infiltration. During the first and second tunnel excavation
(as shown in Figures 13(a) and 13(b)), due to the short rain-
fall time, the rainwater only infiltrates to the shallower posi-
tion of the slope. At this time, the tunnel wall and the tunnel
face are dry and smooth without falling blocks and sand.
The overall self-stability of the tunnel is good.
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Figure 11: The section view of the tunnel-slope system model experiment (unit: mm).
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Figure 12: The top view of the tunnel-slope system model experiment (unit: mm).
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(a) First excavation (b) Second excavation

(c) Third excavation (d) Fourth excavation

Figure 13: Continued.

7Geofluids



(e) Fifth excavation (f) Sixth excavation

(g) Seventh excavation (h) Eighth excavation

Figure 13: Continued.
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3.1.2. The Second Stage: The Development Stage of the Seepage
Channel inside the Tunnel. The tunnel face after the third exca-
vation is shown in Figure 13(c); after 30 minutes of rainfall, the
tunnel wall and the tunnel face are in a wet state. Under the
action of the excavation disturbance, the tunnel face transits
from a smooth to rough state continuously. At this time, a
small amount of water seeps out from the tunnel face at times,
which shows that the seepage channel in the tunnel-slope sys-
tem is gradually formed during the tunnel excavation process,
but the development is limited. Blocks and sand have fallen
off from the vault and the arch shoulder of the tunnel, and
the stability of the tunnel excavation section is gradually
decreased, but the stability of tunnel lining structure support
is still good. The face after the fourth excavation is shown in
Figure 13(d). After 45 minutes of rainfall, the seepage channel
inside the tunnel-slope system has further developed. The
amount of water infiltration on the tunnel face is increasing,
and the water quality is turbid. At this time, the phenomenon
of falling blocks and sand is serious. The face after the fifth
excavation is shown in Figure 13(e). After 1h of rainfall, the
tunnel wall and the tunnel face are wetter than before, and
the tunnel face is uneven. At this time, the phenomenon of fall-

ing blocks and sand in the tunnel is becoming more and more
serious, and the self-stability of the tunnel excavation section is
decreasing continuously, but the tunnel lining structure sup-
port is good. The face after the sixth excavation is shown in
Figure 13(f); the mud water mixture at the front section of
the tunnel face continues to flow out, which seriously blocks
the tunnel excavation and requires to be cleaned manually.
This shows that the internal seepage channel of the tunnel-
slope system has been formed and is still developing rapidly.
At this time, the stability of the tunnel excavation section is
bad, but the stability of the support of tunnel lining structure
is still relatively stable.

3.1.3. The Third Stage: The Development Stage of Tunnel Arch
Collapse. The face after the seventh excavation is shown in
Figure 13(g). Under the continuous tunnel excavation and
rainfall infiltration, some small-scale collapses occur in the
tunnel at times. The self-stability of the tunnel excavation sec-
tion is worse, but the stability of the support of tunnel lining
structure is good. There are no falling blocks, sand, or col-
lapses in the portal section, which is obviously different from
that in the unsupported part. The tunnel face after the eighth

(i) Ninth excavation (j) Water inrush from tunnel

47 cm

(k) Tunnel excavation footage

Figure 13: The analysis of stability of the tunnel during excavation.
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excavation is shown in Figure 13(h); during the tunnel excava-
tion, the collapse ranges of the tunnel face and tunnel vault are
expanding constantly. The mud water mixture in the tunnel
face gushes out continuously, the water quality is turbid, and
the flow velocity is fast. The face of the ninth excavation is
shown in Figure 13(i). During the excavation of the tunnel,
the collapse ranges of the tunnel face and vault continue to
expand. After about 5min, an integral collapse occurred on
the tunnel vault, with the shape of a quadratic parabola. The

rainwater mixed with collapses gushes out from the tunnel
face constantly, and the water quality is turbid, as shown in
Figure 13(j). After a few minutes, the water is clear. The total
excavation footage is 47 cm, as shown in Figure 13(k). So far,
the experiment is over.

3.2. The Analysis of the Slope Instability Process. In the early
stage of rainfall, the water content of the slope is less. With
the continuous infiltration of rainwater, the water content of

(a) Rill erosion (b) Slope toe collapse

(c) Gully erosion (d) Gully erosion intensified

(e) Slip cracks (f) Tunnel vault collapse

(g) The expansion of collapse range (h) The overall collapse

Figure 14: The analysis of the slope instability during rainfall.
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the slope increases continuously. However, due to the large
amount of rainwater infiltration in the slope at the beginning,
there is almost no obvious response. Besides, the tunnel exca-
vation footage is short, and the excavation disturbance range is
small. Therefore, the slope still maintains good stability.

After 30 minutes of rainfall (as shown in Figures 14(a) and
14(b)), the water content of the slope is still increasing. At this
time, rill erosion occurs in the slope surface under the constant
scouring effect of rainwater. There is also a small amount of
water in front of the slope. In addition, there are a few discon-

tinuous cracks on the tunnel vault, and the cracks are develop-
ing towards the direction of tunnel excavation. After 40
minutes of rainfall (as shown in Figure 14(c)), the infiltration
of the slope gradually starts to decrease, and the water content
of the slope tends to be stable. At this time, the slope surface
forms gully erosion with a certain depth and width under the
scouring effect of rainwater. There is also a small range of col-
lapse at the foot of slope. After 60 minutes of rainfall (as shown
in Figure 14(d)), the amount of water accumulated in the
gullies is increasing, and the gullies gradually deepen under
the continuous scouring effect of rainwater. After 75 minutes
of rainfall (as shown in Figure 14(e)), the confluence of the sur-
face flow is also obvious, and there are also a lot of slip cracks
near the slip zone. At this time, the damage degree of the slope
is developing rapidly.

After 105 minutes of rainfall (as shown in Figure 14(f)),
partial settlement occurs in the tunnel vault, resulting in the
formation of a puddle in the tunnel vault. Under the contin-
uous excavation, the area of the water puddle is becoming
larger and larger, and the amount of water accumulation is
also increasing. After 115 minutes of rainfall (as shown in
Figure 14(f)), a large amount of water and surface flow can
be seen everywhere on the surface of the slope. There are
more and more cracks near the slip zone. At this time, the
surface of the slope is scoured and eroded seriously. In the
later stage of rainfall (as shown in Figure 14(g)), the stability
of the tunnel vault is extremely worse, and the collapse sec-
tion is in the shape of a quadratic parabola and develops
continuously to the postexcavation section. Finally, under
the action of rainfall infiltration and excavation disturbance,
the tunnel vault collapses as a whole, and collapses gush out
from the tunnel face continuously; so far, the experiment
ends. The collapse range is 13 cm in length and 18 cm in
width. Five days after the end of the rainfall, the collapse
range is 17 cm in length and 22 cm in width.
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4. The Analysis of Internal Change Laws in the
Tunnel-Slope System during Rainfall

4.1. The Analysis of Displacement Changes of the Tunnel Vault.
As can be seen from Figure 15, at the early stage of rainfall,
rainfall infiltration has little impact on the tunnel stability,
and the tunnel has good self-stability. Under the disturbance
of tunnel excavation, the displacement of the tunnel vault has
a slight change. With the continuous action of rainfall infiltra-
tion and tunnel excavation, the displacement of the tunnel
vault is on the rise. When the tunnel is excavated to the sixth
time, the phenomenon of falling blocks and sand on the vault
of tunnel is becoming more and more serious, and the increas-
ing rate of the tunnel vault displacement is accelerating. When

the tunnel is excavated to the seventh time, the tunnel vault col-
lapses in a small range, and the displacement of the tunnel vault
shows a rapid upward trend. In the later excavation process, the
scope of the tunnel vault collapse is expanding, and the closer it
is to the collapse surface, the more obvious the displacement
growth trend. However, due to the existence of support struc-
ture at the tunnel entrance, the growth trend of displacement
is slower than that of the excavation section.

As can be seen from Figure 16, after the end of rainfall,
the displacement of the tunnel vault does not stop immedi-
ately but still maintains a rapid growth rate. It shows that
the collapse and settlement of the tunnel vault induced by
rainfall infiltration have the characteristics of hysteresis. A
transient pressure arch is formed around the tunnel wall
after the end of the rainfall for about two hours. At this time,
the stresses of all sides form an equilibrium state, and the
settlement of the tunnel vault also gradually becomes stable.
Therefore, in the actual construction process of the tunnel,
the tunnel lining should be done as soon as possible to make
the surrounding rock and the support structure form a
whole, to improve the safety of the tunnel excavation sec-
tion. In addition, the corresponding drainage measures
should be set up at the top of the tunnel vault to prevent
leakage on the lining surface of the tunnel, which will reduce
the structural strength of tunnel lining for a long time.

4.2. The Analysis of Slope Displacement Results. It can be seen
from Figure 17 that in the early period of the rain, there is basi-
cally no obvious change in the slope displacement, but as the
rainfall infiltration continues, the whole slope displacement
shows a rising trend. In the process of the experiment, the
front door of the slope is closed tightly, which limits the devel-
opment of the front displacement of the slope to a certain
extent. However, the displacement of the middle part of the
slope changes the most due to the excavation disturbance.
The growth trend of the displacement at the back and front
of the slope is relatively slow, but the general rule is similar.
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Figure 19: The changes of the upper slope water content with time.
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Figure 20: The changes of the lower slope water content with time.
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Figure 18: The changes of the slope displacement with time.
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As can be seen from Figure 18, after the rainfall, the
displacement of the slope does not stop developing but con-
tinues to keep rising. The result shows that the slope failure
induced by the rainfall infiltration has the characteristics of
hysteresis. The main reason is that under the effect of the
long-term rainfall infiltration, the internal structure of the
slope is loose, which makes the strength of the slope become
more uneven; the integrity and stability of the slope further
decrease, so that the displacement in slope increases in
different degrees. After the rain stops for about 2 hours,
the displacement in the slope gradually stabilizes.

Therefore, when the tunnel is excavated in the slope
area, the slope must be reinforced in advance to prevent
the creep deformation and even the overall collapse accident
caused by tunnel excavation.

4.3. The Analysis of Water Content Changes in the Tunnel-
Slope System. It can be seen from Figures 19 and 20 that the
change trend of the water content at different depths of each
soil layer in the slope is different in rainfall and after rainfall.
In the early period of the rain, due to the fact that the rain
seepage needs some time to accomplish, the water content of
the upper layer of slope changes obviously and the response
speed is fast. However, the water content in the lower layer
of slope gradually increases after a period of rainfall infiltra-
tion, and the response speed is slow. After about 1h of the
rainfall, the water content at different depths of the slope
reaches the peak value and tends to be stable gradually. The
main reason is that the infiltration amount is larger than the
runoff amount of the slope at the initial period of rainfall.
With the continuous rainfall infiltration, when the infiltration
amount and runoff amount of the slope gradually become sta-
ble, the water content of each layer in the slope does not con-
tinue to increase. After the rainfall, the water content in
different depths of the slope will not immediately decrease
but gradually decrease after a certain period of time, which
has a certain degree of “hysteresis characteristics.” At the end
of the rainfall for 1h, the water content in the upper layer of
the slope decreases rapidly because of the fast speed of rainwa-
ter loss. However, due to the slow rate of rainwater loss in the
lower slope, the water content in the lower slope can remain
relatively stable within 3 hours after the end of rainfall. With
the continuous loss of rainwater, the runoff amount of rainwa-
ter is larger than the infiltration in the slope, resulting in a
rapid downward trend of water content in the lower slope.
After 8 hours of the rainfall, the water content of each soil layer
finally tends to be the same.

In conclusion, the closer the rainwater infiltration to the
slope surface, the faster the response speed and the more
obvious the change range, but the shorter the retention time
of the peak water content and the peak water content. Cor-
respondingly, the further the rainwater infiltrate is to the
slope, the slower the response speed and the longer the
retention time of the peak water content. After the end of
rainfall, the water content of each layer in the slope will
not decrease immediately but gradually decrease after a
period of rainfall, which is also one of the important reasons
for the instability of the slope after the rain.

4.4. The Analysis of Soil Pressure Changes in the Tunnel-Slope
System. As can be seen from Figure 21, in the early period of
the rainfall, due to the fact that the impact of tunnel excavation
is little, the soil pressure in various parts of the tunnel vault
increases continuously under the action of rainwater infiltra-
tion. When the water content of the tunnel-slope system tends
to be stable, the soil pressure in various parts of the tunnel
vault also tends to be stable gradually. When the rainfall is
about 50 minutes, the phenomenon of falling blocks and sand
on the tunnel vault is serious, resulting in a significant decline
of No. 8 earth pressure sensor near the collapse surface. Then,
under the continuous infiltration of rainwater, the soil pres-
sure of the tunnel vault shows a rising trend.When the rainfall
is about 90 minutes, the stability of the tunnel-slope system is
decreasing, the phenomenon of falling blocks and sand in the
tunnel is becoming more and more serious, and even small-
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Figure 21: The changes of the soil pressure on the tunnel vault
with rainfall time.
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Figure 22: The changes of the soil pressure on the tunnel vault
with time.
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scale collapses occur in some sections. At this time, the scope
and the degree of collapse areas are expanding, resulting in
the decreasing trend of the soil pressure in all sections of the
tunnel vault. Finally, the overall collapse of the tunnel vault
occurs, resulting in a cliff-like downward trend of soil pressure
sensors.

As can be seen from Figure 22, after the rainfall stops, the
soil pressure above the tunnel vault does not stop decreasing
but continues to decrease with the expansion of the collapse
scope and degree of the tunnel vault. After the rainfall stops
for about 3 hours, the soil pressure around the tunnel vault
gradually comes to stability. It shows that there is a hysteresis
in the collapse of the tunnel vault induced by excavation under
rainfall conditions, and it is very likely that it will occur after

rain when the collapse degree is the largest. However, the sta-
bility of the embedded lining is relatively good in the whole
rainfall process, and there is no falling sand and collapse phe-
nomenon, which plays an important role in supporting the
excavation of the tunnel.

4.5. The Analysis of Seepage Pressure Changes in the Tunnel-
Slope System. It can be seen from Figure 23 that the change
trend of the seepage pressure and the soil pressure of the
tunnel-slope system is similar in the whole rainfall process. In
the early period of rainfall, due to the small disturbance of the
tunnel excavation, the seepage pressure at all parts of the tunnel
vault is rising and gradually tends to be stable under the contin-
uous rainfall infiltration. When the rainfall is about 50 minutes,
the phenomenon of falling blocks and sand in the excavation
section of the tunnel vault occurs continuously, and even a
small section of collapse has occurred, resulting in a temporary
downward trend in the seepage pressure of the tunnel vault.
After that, under the timely supply of rainwater, it shows a
rising trend. When the rainfall is continuing for about 90
minutes, under the joint action of the rainfall infiltration and
the tunnel excavation, the phenomenon of falling blocks, sand,
and collapses of the tunnel vault is becoming more and more
serious. At this time, the seepage pressure of the tunnel vault
decreases continuously. During the later excavation of the
tunnel, the collapse range extends from the tunnel excavation
to the tunnel entrance section. The rainwater flows out from
the entrance section constantly with collapses, resulting in a
straight-line downward trend of seepage pressure sensors.

As can be seen from Figure 24, after the rainfall stops, the
seepage pressure of the tunnel vault does not keep stable but
continues to decrease obviously. The cause of this phenome-
non is probably that after the rainfall stops, the collapse range
of the tunnel vault continues to expand, and a large amount of
rainwater flows out from the collapse surfaces and the cracks.
After the rainfall stops for about 5 hours, seepage pressure sen-
sors tend to be stable. It shows that the collapse and settlement
of the tunnel vault induced by rainfall infiltration have hyster-
esis. The change laws are basically the same as that of the soil
pressure sensors.

5. Conclusions

Through the large-scale physical model experiment, the
influence of the excavation disturbance on the stability of
the tunnel-slope under rainfall conditions is studied. The
main conclusions are as follows:

(1) The collapse process of the tunnel vault caused by
tunnel excavation can be described as follows: tunnel
excavation→ gradual decline in self-stabilizing abili-
ty→ falling blocks and sand→ the internal seepage
channel gradually develops→ small scale collapse
with the water seepage from the tunnel face→ the
amount of mud water mixture from tunnel face is
increasing→ the expansion of the collapse sco-
pe→ the stability of the excavation section is very
poor→ the integral collapse of the excavation section
in the form of a quadratic parabola→water inrush
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Figure 23: The changes of the seepage pressure on the tunnel vault
with rainfall time.
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Figure 24: The changes of the seepage pressure on the tunnel vault
with time.
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from the tunnel face. And in the excavation process,
the collapse degree of the first excavation section will
expand with the continuous excavation of the second
section; in other words, the influence and develop-
ment of each excavation section are closely related.
However, in the whole process of rainfall, the stabil-
ity of the embedded part of tunnel portal lining is
relatively good, and there are no collapse and falling
sand. Therefore, in the construction process of the
tunnel portal section in the slope area, tunnel lining
support is particularly important.

(2) The process of the slope instability caused by the
rainwater infiltration can be described as follows:
rainfall infiltration→ rill erosion→ slope toe collap-
se→ gully erosion→ gully erosion intensified→ sur-
face flow erosion→ the partial excavation section
collapse→ slope instability slip→ the integral exca-
vation section collapse→ the mud water mixture
gushes from the tunnel face. Therefore, the slope
failure develops gradually from the toe of the slope
to the back slope under rainfall condition. The col-
lapse failure of the slope toe and the upper surface
of slope first occurs and then develops and gradually
aggravates, finally causing the instability and sliding
of the whole slope.

(3) The influence of the rainfall infiltration on the
tunnel-slope system is characterized by “accumula-
tion.” In the early period of the rain, the influence
of rainwater infiltration on the stability of the
tunnel-slope system is small, but with the continuous
rainfall infiltration, the tunnel-slope system will
change obviously, and the influence will gradually
increase until it is destroyed completely.

(4) By analyzing the change laws of the tunnel-slope sys-
tem such as displacement, water content, soil pres-
sure, and seepage pressure, it can be concluded that
the impact of the rainfall infiltration on the tunnel-
slope system presents a certain degree of “hysteresis”
characteristic, and the destruction process is gradual.
This is one of the important reasons for the instabil-
ity and destruction of the slope after rain.
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