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Abstract
To study the instability and failure mechanism of tunnel face in composite stratum and 
the evolution law of supporting pressure in the areas with spring, this paper used two dif-
ferent types of transparent soil and a self-designed 3D model test system. Six large trans-
parent soil model tests were carried out by considering different confined water heads of 
spring and tunnel burial depth. The optical laser and high-speed camera were controlled to 
move on a high-precision linear platform. CT scanning was performed to obtain the fail-
ure model under different conditions. The finite element method considering a two-way 
fluid–structure coupling was used to validate the model test. The research results indicate 
under spring, the support pressure curves can be divided into three stages: rapid decline, 
rebound-rise, and constant. There is no rebound-rise stage under the condition of no spring. 
With increased confined water heads or reduced tunnel burial depth, limit support pressure 
shows an increasing trend. 2D and 3D damage models for different working conditions 
were obtained by PIV technology and 3D reconstruction technology. If there is a spring, 
the maximum displacement moves to the top of the tunnel with the increase of water head 
and the failure mode is a combination of “silo shape” and “inverted prism”. When there is 
no spring, the maximum displacement appears at the interface of the soil layer, and the fail-
ure mode is a combination of “silo shape” and “wedge shape”. The presence or absence of 
springs and the change of the confined water head have no significant effect on the height 
of the loosening area. With the tunnel burial depth ratio of 0.5 to 2.0, the height of the 
loose area increases from 0.17 to 0.83 D, and the soil arch area develops outward.

Keywords Spring · Transparent soil · Composite strata · Tunnel face stability · Model test · 
Finite element analysis

1 Introduction

At present, infrastructure construction is in the golden age of vigorous development, and 
many cities are building subway tunnels on a large scale. With the increasing subway mile-
age, shield tunnels often need to pass through areas in China with extremely developed 
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groundwater systems, such as Jinan City, Shandong Province, honored as “Spring City” 
as shown in Fig. 1 (Wang et al. 2019), and Tengchong City, Yunnan Province, honored as 
the “Land of Geothermal Energy” (Luo et al. 2019). Constructing subway shield tunnels 
in spring areas with such complex hydrogeological conditions is extremely important to 
ensure the stability of the shield tunnel face. The presence of spring along subway lines 
brings about unpredictable risks to the design, construction and operation of subway shield 
tunnels (Wang et al. 2017a, b; Sun et al. 2018). Any carelessness is very likely to result in 
the instability of the tunnel face, thereby triggering the occurrence of engineering accidents 
such as water burst, mud burst, and surface collapse (Li et al. 2016; Wang et al. 2017a, b, 
c). Therefore, the stability of shield tunnel face in areas with abundant spring has become a 
hotspot and difficult issue in urban construction.

In recent years, many researchers have carried out extensive model test studies on tunnel 
face stability in a homogeneous soil layer. The failure characteristics of tunnel face in sands 
were investigated through model tests with different tunnel burial depths (C/D = 0.5, 1 and 
2). The results indicated that the ultimate support pressure increased with the increase of 
tunnel burial depth C/D, and a two-stage failure mode was proposed, i.e., local collapse and 
total collapse (Chen et al. 2013). To study the effect of the movement rate of tunnel face on 
the stability of tunnel face of shallow tunnels, a 1 g sand model test was carried out. It was 
found that the limit support pressure at a high movement speed is higher than that at a low 
movement speed, and soil failure occurred at the height above the inverted arch when the 
movement rate of the tunnel face was relatively high (Liu et al. 2018). The failure mecha-
nism and limit support pressure for tunnel face under dry, non-drained, and steady seepage 
conditions were studied by nine sets of sand model tests. The results showed that the fail-
ure modes under different conditions were a combination of wedge and chimney shapes. 
However, the inclination angles of the lower wedges were all different, and the water level 
did not affect the failure mode of soil mass on the tunnel face under seepage conditions 
(Lu et al. 2018). Three sets of centrifugal model tests were conducted to study the effect of 
steady seepage of saturated sandy silt on the failure and limit support pressure of the tunnel 
face. The change of support pressure can be divided into two stages—sharp decrease and 

Fig. 1  Distribution map of Jinan subway
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slow linear increase. The limit support pressure shows a linear increase with the increase in 
groundwater head difference, and the soil failure mode in the limit state was composed of 
wedges and prisms (Chen et al. 2018).

Due to the complicated soil conditions in practical engineering, tunnel face stability 
in the composite strata is studied based on a homogeneous stratum. It was fined that the 
deformation and surface subsidence have significant difference between the dry sand mixed 
strata and general clay stratum, the deformation and surface subsidence vary rapidly, and 
the subsidence trough is “narrow and steep” in mixed strata (Zhang et al. 2020a, b).

Based on the principle of limit equilibrium, a calculation model for limit support pres-
sure applicable to a composite stratum is proposed. It was demonstrated earlier that the 
shape of “loose area in unloading” was mainly determined by the properties of the upper 
soil layer, and the properties of the lower stratum determined the range and shape of areas 
with unsteady slippage (Sui et al. 2021). Six sets of model tests on transparent soil were 
carried out to study the failure model for the soil mass on tunnel face under different strata 
and burial depths. The test results indicated that the shape of the damaged body with shal-
low burial depth was the combination of pyramid and prism in the clay stratum. However, 
that with a large burial depth was the combination of the quadrangular pyramid and tri-
angular prism. In the clay-gravel stratum, the shape of the damaged body with shallow 
burial depth was the combination of the wedge and inverted truncated pyramid, whereas 
that with high burial depth was the combination of wedge and prism (Ma et  al. 2021a, 
b). Based on the silo principle, a calculation model for curved tunnels in composite stra-
tum was proposed. The validation of the case analysis and numerical model showed that 
the soil mass on the tunnel face was subjected to asymmetric damage under the action of 
the eccentric support force. The limit support pressure first increased and then decreased 
with the decline curvature radius and leaned toward the outside of the curve (Dai et  al. 
2021). In order to determine the minimum support pressure on the excavation face of large 
shield tunnels in the rock–soil stratum, a new three-dimensional logarithmic spiral model 
(LS-M model) is proposed with acceptable accuracy and simpler implementation (Ding 
et al. 2022).

The above studies were primarily focused on saturated or anhydrous composite strata. 
However, there is often flowing groundwater below the impermeable stratum in actual sce-
narios. The previous research has shown that under the conditions with seepage and with 
no seepage, the failure modes of soil mass in front of the tunnel face were significantly dif-
ferent (Ma et al. 2021a, b). Researchers found that the pore-water pressure in front of the 
tunnel face decreases with the increasing opening area on the tunnel face and the increas-
ing the ratio of vertical hydraulic conductivity to horizontal hydraulic conductivity though 
the centrifuge tests and numerical simulation (Yin et  al. 2021). Based on the theory of 
fluid–solid coupling, the failure modes, deformation characteristics, and fluid–solid cou-
pling effect in rock–soil were systematically investigated under different water levels, bur-
ied depths, tunnel diameters, and permeability coefficients when the excavation face was 
unstable (Chen et al. 2022).

At present, there are many studies on the stability of tunnel face under the condition 
of homogeneous stratum and composite stratum. However, studies on tunnel face stability 
in composite stratum under the seepage condition are sparse. In particularly, there are no 
reported findings on the effect of spring on the stability of tunnel face in the clay-gravel 
stratum. On this basis, the transparent soil test technology is adopted in this paper to study 
the instability mechanism and failure process of the shield tunnel face in the clay-gravel 
stratum under the condition of spring. Six large transparent soil physical model tests were 
conducted considering different confined water heads of spring and tunnel burial depth. 
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In combination with the 3D reconstruction test method, a three-dimensional failure model 
under the condition of spring was accurately obtained. Finally, the finite element analysis 
method considering two-way fluid–structure coupling was used to compare and verify the 
working conditions for corresponding model tests. This paper provides a theoretical refer-
ence for the design and construction of shield tunnels in areas with abundant springs.

2  Test equipment and system configuration

The model test system for studying the tunnel face stability is mainly composed of five 
parts: model tank of transparent soil, tunnel model, control system, liquid circulation sys-
tem, and acquisition system, as shown in Fig. 2.

2.1  Model tank

Transparent soil material was used in this test. Since the price of high-purity fused quartz 
and transparent pore fluid is relatively high, an L-shaped glass partition was added inside 
the model casing to decrease the testing expenses and reduce the testing area as much as 
possible. The size of the model tank used in the study was 850 mm × 230 mm × 750 mm 
(length × width × height). The front face of the model box was made of reinforced glass to 
ensure that the camera could capture images of different sections.

2.2  Tunnel model

Based on axial symmetry, a semi-structural model with a similarity ratio of 1:50 was used 
for the tunnel. The tunnel had an outer diameter of 120 mm, an inner diameter of 108 mm, 
and a rigid plate in the front. The exterior of the tunnel model was fixed on the reinforced 
glass by fixed ring walls and stainless steel bolts. Inside the tunnel model, a servo motor, 
lead screw, linear bearing, and tension–compression force sensor were connected by 
a connecting rod, driving the rigid plate forward and backward. In addition, due to the 
strong corrosiveness of pore fluid, all parts of the tunnel model are made of stainless steel 
material.

2.3  Control system

Based on the displacement control method, a control tank was used to control the servo 
motor, which controlled the rigid plate to move forward and backward and realized the 
active and passive failures of the shield tunnel face. In addition, the moving direction and 
speed of the rigid plate can be controlled in real time, with the speed control range of 
0.00–50.00 mm/min.

2.4  Fluid circulation system

Simulating the spring is crucial for studying the effect of spring on the stability of the 
shield tunnel face. In this test, an L-shaped pipe was arranged in front of the rigid plate to 
simulate the spring. Meanwhile, the spring with different confined water heads was simu-
lated by changing the location height of the head control barrel and the liquid level in the 
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Fig. 2  Physical model test
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barrel. In addition, pore fluid is recycled in the test, with the circulation process of pore 
fluid shown in Fig. 3.

2.5  Acquisition system

The acquisition systems include a data acquisition system and an image acquisition system. 
The data acquisition system could monitor the support pressure of the tunnel face in real 
time. The image acquisition system comprised a CCD industrial camera with a lens focal 
length of 8 mm, a laser with an output power of 8 W, and two high-precision linear control 
platforms. On the high-precision linear platform, the industrial camera and the laser move 
synchronously along x-direction at a speed of 1 mm/s, stop every 5 mm, and the camera 
starts to capture images, thereby obtaining images of different slices positions under the 
same horizontal displacement of the rigid plate. The PIV technology is used to process 
the images with different states acquired at the same slice location and then obtain the dis-
placement field of each slice location and, finally, obtain the 3D spatial deformation of the 
stratum through the self-compiled 3D reconstruction program. The synchronous motion 
track is shown in Fig. 4.

Fig. 3  Diagram of liquid circula-
tion system

Fig. 4  Synchronous motion of 
CCD camera and laser
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3  Test preparation and process

3.1  Test schemes

This paper mainly studies the failure mechanism and limit support pressure of tunnel 
face under the condition of spring with different confined water heads and different 
tunnel burial depth. Based on the transparent soil technology, six model tests are car-
ried out, with the specific dimensions and test schemes shown in Fig. 5 and Table 1. In 
Fig. 5, S is defined as the back displacement of rigid excavation plate, C is defined as 
burial depth, D is defined as tunnel diameter, H is defined as the water head difference 
between the exposed spring water and the external head control barrel.

The height of the confined water is adjustable in the model test. During the whole 
test, the spring outlet is always at the center section of the tunnel, but the height of the 
spring water pipe and the head control barrel can be adjusted. The groundwater bear-
ing head in the gravel formation is generally above 10 m. Therefore, the larger heads 
of 5D, 7D and 9D are selected to prevent external factors such as head loss during the 
test, so as to ensure the model test effect.

Fig. 5  Test diagrams and simula-
tion schemes

Table 1  Test schemes

Schemes Stratum Burial depth C/Tun-
nel diameter D

Spring head/mm Pipe diam-
eter (mm)

Test schemes 1 Clay-Gravel 2.0 Not spring –
2 Clay-Gravel 2.0 5D 6.00
3 Clay-Gravel 2.0 7D 6.00
4 Clay-Gravel 2.0 9D 6.00
5 Clay-Gravel 1.0 5D 6.00
6 Clay-Gravel 0.5 5D 6.00
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3.2  Preparation of transparent clay

Laponite RD is a new type of transparent clay material, which has been widely applied 
in experimental geotechnical research (Chini et al. 2015; Zhang et al. 2020a, b; Ma et al. 
2021a, b). First, Laponite RD powder was mixed with deionized water at a mass ratio of 
4:96, and the basic mechanical parameters such as shear strength, consolidation coefficient, 
and compressibility coefficient were obtained through the cross-plate shear test, consolida-
tion test, and variable head permeability test as shown in Table 2 (Wallace and Rutherford 
2015; Tian 2018). The results show that Laponite RD transparent clay has macroscopic 
geotechnical properties similar to soft clay; thus, it can be used as a substitute for soft clay 
in geotechnical physical model tests.

Laponite RD is prone to flocculation in water, so deionized water with conductivity less 
than 0.1 µs/cm was used in the test. Laponite RD was mixed with deionized water in pro-
portion. To facilitate the later PIV image analysis, it is necessary to add PSP tracer parti-
cles with a particle diameter of 50 µm. The configuration process of the transparent clay is 
shown in Fig. 6.

3.3  Preparation of transparent gravel soil

Transparent gravel soil was composed of synthetic aggregates with the pore fluid whose 
refractive index matches that of the aggregate. In terms of synthetic aggregate, Liu and 
Iskander (2010) and Iskander et al. (2002) carried out mechanical tests on the transparent 
gravel soil prepared with amorphous silica gel, fused quartz, or glass sand and found that 
these materials could better simulate natural sand to a certain extent. However, fused quartz 
has certain advantages over other granular materials, together with very small compress-
ibility. Regarding most current pore fluids, their main disadvantages are high viscosity and 
temperature sensitivity, making it difficult to ensure the transparent property of the gravel 
soil during the test. Therefore, a new pore fluid was selected in this test. It was composed 
of sodium thiosulfate and sodium iodide (Carvalho et al. 2015). The pore fluid was pre-
pared by mixing sodium iodide particles and ultrapure water at the mass ratio 0.552:0.448, 
with the refractive index adjusted to 1.4590 (Zhao et al. 2010; Liu et al. 2020). Figure 7 
shows the preparation procedure of pore fluid.

Table 2  General material 
properties

Parameter Value

Reported shipped water content, %  < 10
Measured shipped water content, % 8.32
Refractive index 1.5
Specific gravity 2.53
Bulk density, g/cm2 0.908
Liquid limit, LL 1150
Plasticity index, PI 910
Permeability coefficient, cm  s−1 0.405–1.14 ×  10–7

Compressibility coefficient,  MPa−1 88–939
Consolidation coefficient,  cm2  s−1 3.555–13.520 ×  10–6

Cohesion, kPa 0.555
Internal friction angle, ° 11.034
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The grain size distribution for fused silica refers to sand gradation in the Yufuhe River 
of Jinan (Rong 2017). The particle distribution curve is shown in Fig.  8. To reduce the 
grain size effect, D/d50 > 50 (D is the tunnel diameter; d50 is the mean gravel size of sand) 
should be greater than 175 (Kirsch 2010) and D/d50 = 187.5 > 175 for the transparent gravel 
soil used in this paper. The direct shearing test is conducted on the fused silica under this 
gradation, with Mohr’s Circle for stress shown in Fig. 9.

3.4  Test procedures

1. Transparent clay and pore fluids were prepared.

Fig. 6  Transparent clay in the model tank

Fig. 7  Sodium iodide solution
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2. The fused quartz sand and pore fluids were filled into the model tank in layers and 
continuously stirred to remove air bubbles during the test.

3. The model tank, water tank, water pump, head control barrel and L-shaped water pipe 
with PUC pipe were connected. The water pump and valve were opened, and the valve 
sealing was checked. It was also confirmed whether the PUC pipe and equipment are in 
good condition.

4. The transparent clay was filled till the required height and allowed to rest for two days.

Fig. 8  Particle size distribution curve of fused quartz

Fig. 9  Direct shearing test result of fused quartz
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5. The CCD industrial camera and laser were fixed on a high-precision linear platform. 
Before the test, it was ensured that the section formed by the centerline of the light 
source was vertical. The tunnel symmetry plane was aligned. Also, the camera rubber 
ring and focal length were adjusted to obtain clear speckle images. To prevent light from 
causing errors in the test, carry out the test in a dark indoor environment.

6. The water pump was turned on and waited until the water level in the model tank and 
the liquid level in the head control barrel remained constant, showing that they achieved 
a stable seepage state.

7. The movement speed was set to 0.05 mm/min in the whole test (Liu et al. 2018), while 
the total horizontal displacement of the rigid plate was set to 20 mm, and the displace-
ment increment was set to 0.25 mm until the total displacement reached 6.00 mm. For 
the remaining 14 mm of displacement, the incremental step was 0.50 mm (Kirsch 2010). 
For every 1 mm of retraction, rest for 20 min to bring it to a steady state. After the soil 
reached a stable state, the industrial camera and laser were controlled to move synchro-
nously to capture images of different slice locations. The images of different slice loca-
tions were processed and analyzed through PIV technology to obtain the displacement 
fields of different slices.

8. The self-compiled 3D reconstruction program was used to reconstruct the displacement 
field and accurately obtain the stratum deformation in 3D space.

4  3D fluid–structure coupling model

To further study the instability and deformation, stress change of soil mass, and limit sup-
port pressure of tunnel face caused by the instability of tunnel face, based on the previous 
physical model test, the complete seepage stress module considering two-way fluid–struc-
ture interaction was used to simulate the water burst and seepage deformation of soil mass 
on the tunnel face. It was then analyzed and compared with the model test.

4.1  Establishment of finite element model

The dimensions of the overall finite element model were 0.85  m × 0.22  m × 0.51  m 
(length × width × height). The outer diameter of the tunnel was 0.12  m; the thickness of 
the tunnel sidewall was 0.006 m, and the distance between the tunnel face and the model 
boundary was 0.300 m. The dimensions were consistent with those of the model test area. 
The overall model is shown in Fig. 10.

Since the moving speed of the rigid plate in the model test is 0.05 mm/min, which is rel-
atively slow, the instability of the tunnel face can be regarded as a quasi-static process (Liu 
et al. 2018). In this paper, the instability of the tunnel face is simulated by applying forced 
displacement to the excavation faceplate. Table 3 shows the detailed simulation scheme as 
follows:

4.2  Boundary conditions

(1) Boundary conditions for displacement
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The boundary constraint conditions were the same as those during the test. The model’s 
bottom boundary surface was a fixed boundary; the model’s front and back boundary sur-
faces were subjected to displacement constraints in the x-direction; the model’s left and 
right boundary surfaces were subjected to displacement constraints in the y-direction, and 
the upper surface was free boundary surface.

(B) Boundary conditions for seepage

The tunnel face was set as a seepage surface with zero pore water pressure. The other 
boundary surfaces were non-seepage surfaces. In the model, the groundwater level is 
located at the height of the soil interface.

(C) Boundary conditions for spring

The thickness of transparent clay layer is large, with low permeability, and the groundwater 
flow is concentrated in the transparent sand. In order to simulate the existence of spring in 

Fig. 10  Three-dimensional numerical model

Table 3  Simulation schemes

Schemes Stratum Burial depth C/
tunnel diameter  D

Spring head  H/mm Pipe diam-
eter (mm)

Simulation schemes 1 Clay-Gravel 2.0 Not spring –
2 Clay-Gravel 2 5D 6.00
3 Clay-Gravel 2.0 7D 6.00
4 Clay-Gravel 2.0 9D 6.00
5 Clay-Gravel 1.0 5D 6.00
6 Clay-Gravel 0.5 5D 6.00
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the composite strata, the water head boundary of the corresponding working condition is 
set at the location of spring exposure. Set the seepage boundary condition with a head of 0 
because the seepage occurs at the tunnel face. So, the ground water at the spring exposure 
will move toward the tunnel face under the condition of water head difference.

(D) Soil interface

During the test, in order to prevent the influence of pore fluid on the transparency of trans-
parent sand, transparent clay and transparent sand are separated by a layer of film. In the 
process of numerical simulation, since the permeability coefficient of transparent clay is 
1 ×  10–7, which is different from that of transparent sand by several levels, it is reasonable 
to set the interface between the two layers where seepage cannot occur.

4.3  Physical and mechanical parameters

In the simulation process for the instability of the tunnel face, the classical Mohr–Coulomb 
model was used as the soil model, and the soil mass, sidewall, and rigid excavation face-
plate are all 3D solid elements. Table 4 shows the physical parameters of fused quartz and 
transparent clay (Guzman et al. 2014; Wallace and Rutherford 2015).

5  Analysis of test and simulation results

5.1  Support pressure ratio

The support pressures on tunnel face under the condition of spring with different confined 
water heads (H/D = 0, 5, 7 D and 9) are obtained as shown in Fig. 11. The hollow points 
represent test results, while the solid lines represent numerical simulation results. In the 
picture, σ0 is defined as total pressure of tunnel face at initial state, σS is defined as actual 
support pressure after tunnel face retreats. The rigid tunnel plate is connected with sensor. 
The combined axial force of the tension–compression sensor shaft is obtained through the 
tension–compression sensor. The tension–compression sensor is subjected to uniform pres-
sure. The computer converts it into stress to obtain the support stress of the corresponding 
working condition.

Table 4  Material properties

Unit 
weight 
(kN/m3)

Cohesion (MPa) Internal fric-
tion angle 
(°)

Elastic 
modulus 
(MPa)

Poisson ratio Permeability 
Coefficient 
(m/s)

Clay 19.8 0.555 11 0.02 0.3 1 ×  10–7

Gravel 22 0 36.8 72,000 0.3 0.001
Excavated face 

plate
78.5 – – 206,000 0.3 –

Side wall 78.5 – – 206,000 0.3 –
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Under the condition of spring, the support pressure undergoes the following three 
stages: In the first stage, the tunnel face suddenly becomes unstable, and the support pres-
sure decreases sharply from the static earth pressure at the initial time to the minimum 
value, decreasing by about 55–65%; In the second stage, the rebound stage, the support 
pressure rebounds about 3.3–3.6%. This is due to the large permeability of gravel and the 
gravel is relatively loose. Under the action of confined water, water flows to the tunnel face, 
and small gravel soil particles pour into the tunnel, causing an increase in support pressure 
(Kirsch 2010; Chen et al. 2013). In the third stage, with the further movement of the tunnel 
face, the equilibrium state of soil mass is broken, and the soil mass is subjected to plastic 
failure, forming an unstable area. The stress in soil mass in the unstable and deformed area 
does not change, and the support pressure on the tunnel face remains constant. In this case, 
the support pressure can be regarded as the limit support pressure, with the value increas-
ing with the increase of confined water heads of the spring. According to the hydraulic cal-
culation for long pipes, the flow velocity of spring water exhibits the following relationship 
with the confined water heads of spring, as shown in Eq. (1).

where λ—friction factor of head loss; l—pipe length (m); d—pipe diameter (m); v—flow 
velocity (m/s).

It can be obtained from the above formula that the increase of confined water head 
increases the velocity of spring water flowing to the tunnel face. Under the impact of 
spring, more small particles of gravel soil move toward the tunnel face, so the seepage 
force acting on the tunnel face increases. As a result, the support pressure on the tunnel 
face increases with the increasing spring’s confined water head. However, the support pres-
sure curve under the condition without spring is different from that obtained under the 
spring condition. It is mainly divided into a rapid decline stage and a slow decline stage, 
without a rebound stage.

Figure 12 shows the support pressure curves of the tunnel face under different burial 
depths (C/D = 0.5, 1.0, 2.0) when the shield excavation face is close to the spring. Tunnel 

(1)H = �
l

d
⋅

v2

2g

Fig. 11  Support pressure versus 
displacement of tunnel face (Dif-
ferent confined water head)
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burial depth has no effect on the change law of the support pressure, but only affects the 
limit support pressure ratio. The change of the support pressure can still be divided into 
three stages: rapid decline, rebound stage, and stability. When the burial depth is relatively 
small, the effect of soil arch is weakened, the loose deformation of the surrounding strata 
increases, and the ultimate support pressure to stabilize the tunnel face becomes larger. 
When the burial depth is relatively large, the effect of soil arch is more significant, and the 
shear strength of the surrounding strata is fully exerted. The change of the support pressure 
ratio in the first stage is large, but the ultimate support pressure ratio gradually stabilizes as 
the instability deformation increases. The ultimate support pressure ratio of the tunnel face 
is 0.698, 0.650, and 0.603, respectively (C/D = 0.5, 1.0, 2.0).

5.2  Instability model of tunnel face

(a) Different pressure-bearing heads H

The high-definition images are processed by PIV technology to obtain soil displacement 
fields under the condition of spring with different confined water heads, as shown in 
Fig. 13. Initially, the area affected by the instability of the tunnel face is mainly concen-
trated in the clay, and the deformation of clay is more severe than that of gravel. As the 
rigid panels retreat, the instability zone gradually extends to the ground surface. When the 
rigid plate retreats by 1 mm, the equilibrium state of soil mass on the tunnel face is sub-
jected to more disturbances under the condition of spring. In contrast, it is subjected to no 
disturbance under the condition without spring. When the rigid plate retreats by 3 mm, the 
failure zone of soil further expands. When it retreats by 6 mm, the failure zone of soil has 
extended to the ground surface under the condition with spring, but the surface displace-
ment is close to 0 under the condition without spring. The failure zone of soil under the 
condition with spring is larger than that without spring.

Fig. 12  Support pressure versus 
displacement of tunnel face (Dif-
ferent burial depth)
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It can be seen from Fig. 13 that the presence or absence of spring has a greater effect 
on the instability failure mode of the tunnel face. Under the condition without spring, the 
failure mode presents the combination of silo and wedge shapes. However, under the con-
dition of spring, the failure mode of the gravel layer exhibits a “inverted prism” instead of 
a “wedge shape”, and the lower boundary of the failure zone in the gravel layer is nearly 
a horizontal line segment. Meanwhile, the unstable area of the gravel layer forms an angle 
with the interface of the soil layer. The presence of spring has no significant effect on 

Fig. 13  Evolution of the displacement fields (Different confined water head of spring)
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the inclination angle. The inclination angle is approximately in the range of 39.0°–41.0°, 
which is smaller than the failure angle π/4 + φ/2. (Liu et al. 2018).

(b) Different tunnel burial depth ratio C/D

Figure 14 shows the soil displacement field for the instability of the tunnel face at different 
buried depths under the condition of springs. When the horizontal displacement of the tun-
nel face is S = 1 mm, the instability area is concentrated in clay. In the case of a large tunnel 
burial depth, due to the soil arch effect, the soil instability is mainly local deformation, and 
the surface is basically undisturbed. However, under the condition of C/D = 0.5, there is an 
obvious instability area, and the ground deformation has developed from local instability 
to overall collapse. When S = 3 mm, the plastic zone further develops to the surface. The 
smaller the C/D, the faster the instability zone develops, and the soil displacement becomes 
larger. Such as C/D = 0.5, 1.0 conditions, the surface has appeared obvious displacement; 
When S = 6 mm, under the shallow burial depth (C/D = 0.5, 1.0), the instability deforma-
tion has developed into an overall collapse, and there is a large-scale instability collapse 
in front of the tunnel face. However, due to the effect of soil arching, C/D = 2.0 working 
condition is still dominated by local instability.

Fig. 14  Evolution of the displacement fields (Different tunnel depth)
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The tunnel burial depth has no significant effect on the instability failure model, and its 
influence on the stratum is mainly reflected in the change of the instability zone and the 
instability displacement. Under the spring condition, the failure modes are “silo shape” and 
“inverted prism” combination. The angle between the instability zone of the gravel layer 
and the horizontal direction is also different. It increases nonlinearly with the decrease of 
the burial depth. The inclination angles are 56.9°, 47.7° and 40.5° under the conditions of 
C/D = 0.5, 1.0 and 2.0, respectively.

5.3  Contour map for soil displacement

Through the image processing software, the contour map of soil displacement (when the 
tunnel face retreats by 6 mm) is obtained under the spring conditions, as shown in Fig. 15. 
Since the disturbance degree of clay is larger than that of gravel, the instability areas are 
concentrated in the clay, and the maximum displacement occurs at D/4–D/2 away from the 
tunnel’s central axis, indicating that the instability and deformation start from the center 
of the half-section on the tunnel face. Spring has a significant effect on the failure mode 
of soil. The unstable area of the clay layer extends to the surface in a “silo shape”. The 
unstable area of the gravel layer develops to the interface of the soil layer in a “inverted 
prism”. The lower boundary of the unstable area is a nearly horizontal straight line. With 
the increase of the confined water head, the loosening deformation continues to develop 
to the surface, the instability area is further expanded, and the surface impact range is 
also increasing. Under the condition of spring with the confined water head H ≥ 5D, the 
increased confined water head causes the maximum displacement of the ground surface to 
increase from 0.58 to 1.40 mm.

Comparing Fig. 15b, e, f, it can be found that if there is a spring in front of the tunnel 
face, the smaller the thickness of the overlying soil layer on the tunnel, the more suscepti-
ble the surrounding strata is to the disturbance of the tunnel face instability, and the plastic 
area expands and the displacement increases. When the tunnel burial depth deeper, due 
to the effect of soil arch, the surrounding strata can fully exert its shear strength, thereby 
weakening the degree of disturbance of the surrounding strata by spring, and the instabil-
ity displacement is relatively small. However, when the burial depth is shallow (C/D = 0.5, 
1.0), large-scale collapse occurs in front of the tunnel face, and the soil in the area of about 
0.293  D2 and 0.037  D2 had buckling displacement greater than 6.00 mm.

5.4  Soil displacement in front of tunnel face

To further explore the relationship between the soil displacement on the tunnel face and the 
confined water head of spring, the soil displacements at L = 0 D and 0.25 D in front of the 
tunnel face are also monitored, as shown in Fig. 16. Figure 16 shows the soil displacement 
of 0 D and 0.25 D in front of the tunnel surface obtained by numerical simulation. In the 
figure, L is defined as the horizontal distance between monitoring line and tunnel surface. 
Under the condition with spring, the clay displacement on the tunnel face is significantly 
larger. The increase in the confined water head greatly increases the seepage force on the 
tunnel face, which further aggravates the instability and deformation of the clay and gravel 
layers on the tunnel face. In terms of the soil on the tunnel face, the maximum displace-
ment appears at different locations, and the maximum displacement appears at the interface 
of the soil layer under the condition without spring. However, under the condition with 
spring, the maximum displacement position of the tunnel face moves toward the top of the 



513Natural Hazards (2023) 118:495–524 

1 3

(a) Not Spring, C/D=2

(b) H/D=5.0, C/D=2.0               

(c) H/D=7.0, C/D=2.0

(d) H/D=9.0, C/D=2.0

S=6mm 0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

S:mm

α=40.3°

Soil interface
Tunnel

1.50

1.00

0.50

S=6mm 0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

S:mm

α=40.1° Soil interfaceTunnel

0.50

2.00

1.50

1.00

0.50

S=6mm 0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

S:mm

α=39.8° Soil interfaceTunnel

0.50

1.50

1.00

2.00

1.00

0.50

S=6mm 0.00

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

S:mm

α=39.6° Soil interfaceTunnel

0.50

Fig. 15  Deformation contour map (The left and right figures show the model test results and numerical 
simulation results, S = 6 mm)
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tunnel. The maximum displacement occurs at 0.17 D above the tunnel axis under the con-
dition of H/D = 9.0. Due to the severe deformation of clay on the tunnel face, the overlying 
earth pressure on the gravel layer increases, so the gravel becomes more compact. Mean-
while, the deformation of clay on the tunnel face exerts reaction force toward the tunnel’s 
outward direction on the lower gravel layer. Therefore, with the increase of the confined 
water head H of spring, the deformation of the gravel layer at 0.25 D in front of the tunnel 
face exhibits a declining trend.

(e) H/D=5.0, C/D=1.0 

(f) H/D=5.0, C/D=0.5 
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Figure 17 shows the displacement curves of the soil in front of the tunnel face under dif-
ferent burial depth ratios. Figure 17 shows the soil displacement of 0 D and 0.25 D in front 
of the tunnel surface obtained by numerical simulation. In the figure, L is defined as the 
horizontal distance between monitoring line and tunnel surface. It can be seen that the vari-
ation law of soil displacement of the tunnel face at different positions with the buried depth 
of the tunnel is different. At 0.125 D above the central axis, the buried depth ratio changes, 
the soil displacement basically does not change. Below this position, due to the influence 
of the overburden pressure, with the increase of the burial depth ratio, the soil in this area 
is more prone to loosening and deformation to the excavation surface of the tunnel. Above 
the turning point, when the burial depth is relatively large, the soil arching effect is more 
significant, and the upward development of the plastic zone slows down. In the case of 
C/D = 0.5, the clay displacement at L = 0.25D in front of the tunnel face is smaller than that 
in the case of C/D = 1.0 and 2.0, but the instability displacement of the gravel layer below 
is not much different.

5.5  3D space stratum deformation

In the model test, Gaussian filtering is adopted. The value of each pixel in the window is 
weighted and averaged by its own and other neighboring pixel values (Lin and Luo 2006). 
First, linear interpolation is performed on adjacent images to make the reconstructed con-
tour smoother. After linear interpolation, in order to make the reconstruction model more 
accurate, the cubic B-spline interpolation method is used to re-process the image (Lee et al. 
1997). Finally, based on the ray casting algorithm, the adaptive modeling method is used to 
simulate more detailed areas (areas with more complex model boundaries).

Through a self-compiled 3D reconstruction program, the displacement fields at dif-
ferent slices are reconstructed to obtain a 3D soil instability failure model, as shown in 
Fig. 18. Compared with the cloud map presenting 2D deformation, the soil failure mode 
can be observed more intuitively from 3D space. When there is a spring in front of the 
tunnel face, the soil’s unstable area develops to the ground surface, and the disturbance to 
soil is more significant, with the deformation of clay being the largest. Under the work-
ing condition without spring, the influence area in the lower gravel layer is much smaller 
than that under the condition with spring. The instability of the tunnel face does not cause 

Fig. 17  Curve of soil displacement (simulation results, different tunnel depths, S = 6 mm)
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significant disturbance to the ground surface. From the reconstruction images, it is clear 
that there are differences in the shape of the damaged body model for soil mass on the tun-
nel face under the conditions with spring and without spring. Under the condition without 
spring, due to the clay’s soil arching effect, the failure area does not develop to the ground 

Fig. 18  The three-dimensional reconstruction view on the failure zone (The left and right figures show the 
model test results and numerical simulation results, S = 6 mm)
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surface. The instability failure model is composed of a funnel and wedge. When there is a 
spring in front of the tunnel face, the instability failure model develops to a funnel shape 
and inverted prism, and the failure zone develops to the ground surface. With the increase 
of the spring’s confined water head, the failure area gradually expands. Comparing the 2D 
displacement field image obtained by the traditional image measurement technology with 
the 3D-reconstructed image, it can be found that the instability of the tunnel face under the 
condition with spring is a 3D issue.

Comparing with Fig.  18b, e, f, it can be seen that if there is a spring in front of the 
shield, the tunnel burial depth has no significant effect on the 3D failure model shape of 
the surrounding strata. The effect of the change in burial depth ratio on the surrounding 
strata is mainly reflected in the destabilization displacement and the failure zone. When the 
burial depth is small, the instability of the tunnel face causes huge disturbance to the sur-
rounding strata, and the loose deformation of the soil will increase. However, the greater 
the burial depth, the more significant the soil arch phenomenon resulting in relatively small 
instability deformation.

5.6  Analysis of the soil stress in front of tunnel face

The instability of the tunnel face breaks the original equilibrium state, and the stress on soil 
mass has been redistributed. The relationship between the vertical stress σzz of soil and the 
retreat displacement S of the tunnel face under different working conditions is shown in 
Fig. 19. It can be seen that under the condition of no spring, the deformation of the stratum 
is dominated by loose deformation. The vertical stress in the clay has been decreasing at 
a steady rate as the horizontal displacement of the tunnel face increases. When the shield 
excavation surface is close to the spring, the vertical stress σzz in clay of the tunnel face 

Fig. 18  (continued)
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has experienced two changing stages: (1) At the initial moment, the loose deformation is 
small due to the effect of soil arch, and the vertical stress σzz of the excavation surface clay 
increases slightly. (2) As the rigid panel continues to retreat, it makes the plastic zone of 
the soil expands, and the vertical stress σzz of the soil keeps decreasing. This may be due 
to the instability deformation and plastic failure zone when the retraction displacement is 

Fig. 19  Soil vertical stress versus horizontal displacement of tunnel face
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large. The larger the spring confining head H, the faster the buckling deformation and the 
development rate of the buckling zone, the weaker the soil arching effect, and the smaller 
the reduction of the soil vertical stress. With the increase of the confining head H, the 
instability deformation and the development rate of the failure zone are accelerated. Ulti-
mately, the weakening of the soil arch effect is manifested in the reduction of the vertical 
stress of the soil becomes smaller.

For the gravel layer, the stress change at the interface of the soil layer is similar to the 
clay. However, the closer to the bottom, the vertical stress first decreases and then increases 
as the horizontal displacement of the tunnel face increases. At the beginning of the tunnel 
face instability, the vertical stress of soil decreases. In the later stage of excavation surface 
instability (S ≥ 5 mm), the deformation of the gravel layer reaches stability, and the vertical 
earth pressure of the bottom gravel layer is greater than the initial value.

Comparing Fig. 19b, e, f, it can be seen that there is no significant difference in the ver-
tical stress of the soil under different burial depths. When the tunnel burial depth is smaller, 
the increment of vertical stress in the clay soil at the excavation surface becomes larger in 
the early stage and decreases in the later stage. Near the interface of the soil layer, the verti-
cal stress variation law of gravel is similar to that of clay. However, the closer to the tunnel 
sidewall, the greater the burial depth ratio, the larger the vertical stress increment becomes. 
This is because the thickness of the overlying soil layer is larger and the pressure on the 
gravel increases, which intensifies the loose deformation of the gravel. When C/D ≥ 1.0, the 
vertical stress of the overlying clay basically does not change as the horizontal displace-
ment of the tunnel face increases, but it has a slight decreasing trend under the condition of 
C/D = 0.5.

Figures  20 and 21 are the vertical stress σzz and horizontal stress (σxx + σyy)/2 curves 
of the clay under different working conditions. In the picture, σxx is defined as horizontal 
stress of soil mass in the x-direction, σyy is defined as horizontal stress of soil mass in the 
y-direction. The pore water pressure at the tunnel face of the tunnel is zero, and the soil 
undergoes large seepage deformation. Therefore, the soil stress at the tunnel face is smaller 
than that in other locations. Loose deformation occurs in the clay area close to the excava-
tion surface, and the vertical stress of the soil gradually decreases with the increase of the 
instability degree of the tunnel face. The higher the pressure head is, the smaller the stress 
increment becomes. The vertical stress of the clay increases with the distance from the 
tunnel face, which may be due to the influence of the continuous transmission of the soil 
arching pressure. If there is no influence of spring, the turning point of stress change is 
0.09 m away from the tunnel face, and if there is a spring, it is 0.05–0.06 m. When there 
is a spring or not and the water head of the spring changes, the soil arch effect appears at 
0.83 D above the tunnel vault, and there is no obvious extension. Regardless of the exist-
ence of springs and the change of the confined water, the soil arch effect appears at 0.83 D 
above the tunnel vault. The change of the horizontal stress of the clay in front of the tunnel 
face (Z = − 0.285) is similar to the vertical stress. The soil pressure in the horizontal direc-
tion of the overlying clay is significantly affected by the instability of the tunnel face, and 
it gradually increases with the increase of the stratum loss. The higher the spring confined 
water head, the larger the horizontal stress increment.

When the tunnel buried depth is small, the surrounding strata are more prone to loosen-
ing and deformation, the plastic zone develops to the surface and continues to expand. The 
vertical stress reduction of the soil in the loosened area becomes smaller, and the verti-
cal stress increment in the distance becomes larger. The height of the loosening area is 
different under different buried deep spring conditions. When the tunnel burial depth is 
C/D = 0.5, 1.0 and 2.0, the soil arch effect occurs at the top of the tunnel 0.17 D, 0.50 D, 
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Fig. 20  Variation of soil vertical stress

Fig. 21  Variation of soil horizontal stress



521Natural Hazards (2023) 118:495–524 

1 3

0.83 D, respectively. When the tunnel is buried deeper, the dominant soil arch expands out-
ward continuously, and the ultimate support pressure required for the occurrence of overall 
instability is reduced. The deeper the tunnel is buried, the more significant the soil arching 
effect is, and the horizontal stress increment of the overlying clay becomes smaller. The 
specific realization is that after the instability of the tunnel face reaches stability, the dam-
age will not develop further.

6  Conclusions

In this paper, we study the existence of spring along the tunnel on the failure mode of insta-
bility and the impact of the ultimate support pressure. Through the tunnel face stability 
model device, six groups of tunnel face progressive instability model tests under the con-
dition of springs were carried out. Combined with CT scanning, image measurement and 
3D reconstruction technology, 2D and 3D failure models under different conditions were 
obtained, and the influence of spring confined water head and tunnel buried depth was dis-
cussed. Finally, six sets of 3D finite element analysis of the same working conditions were 
carried out.

The following conclusions are drawn from this study.

(1) Initially, support pressure is rapidly declines from the static earth pressure to the mini-
mum value. With the retreat of the rigid panel, the support pressure will rebound and 
rise steadily under the spring condition, while it will remain stable without spring. The 
ultimate support pressure ratio increases with the increase of the spring confining head. 
When the shield working face is close to the spring, the deeper the tunnel is buried, the 
more significant the soil arch effect will reduce the support pressure.

(2) In the area with spring, the spring located in the tunnel interval significantly affects the 
instability and failure mode of soil mass. Under the condition without spring, the failure 
mode is the combination of “silo shape” and “wedge shape”, without extending to the 
ground surface; In contrast, under the working condition with spring, the failure mode 
is composed of “silo shape” and “inverted prism”, and obvious soil displacement has 
occurred on the ground surface. With the increase of the confined water head, more 
fine-grained gravel soil pours onto the tunnel face, so the soil deformation on the tunnel 
face increases, resulting in further expansion of the unstable and deformed area. When 
the burial depth of the tunnel is changed, the failure mode under the influence of the 
spring is still “silo shape and inverted prism”. At large burial depths, the plastic zone 
develops slowly.

(3) Under different working conditions, the maximum displacement of the tunnel face 
soil appears in different positions. In the absence of springs, it appears at the soil layer 
interface. If there is a spring, the maximum displacement will move to the top of the 
tunnel with the increase of the pressure head of the spring. The soil displacement of the 
tunnel face at 0.125 D above the central axis remains basically unchanged as the tunnel 
burial depth changes. Above it, the soil displacement decreases with the increase of 
the burial depth due to the soil arching effect. Below it, the soil displacement increases 
with the buried depth of the tunnel due to the overlying soil pressure.

(4) The vertical stress of soil at different positions varies with the instability of the tunnel 
face. The vertical stress of the clay at the tunnel face increases first and then decreases, 
while the vertical stress of the gravel decreases first and then increases. In the loose 
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area, the vertical soil pressure decreases gradually with the increase of the instability 
degree at the tunnel face. Outside the loosening zone, it increases instead. With the 
presence or absence of springs and the change of spring water head, the soil arch effect 
appears at about 0.83 D above the tunnel vault. The deeper the tunnel is buried, the 
more significant the soil arching effect is, and the farther the soil arch effect occurs 
from the top of the tunnel.
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