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Abstract: Maintaining the stability of the excavation face is key for ensuring the safety of underwater shield tunnel construction. 
However, the majority of current studies on the stability of excavation face focus on the homogeneous strata, with limited 
research conducted on the upper loose and lower dense strata. Active instability tests are conducted in this study, in concert with 
the digital image correlation (DIC) technique, to investigate the effects of different water pressure ratios in upper loose and 
lower dense water-rich strata. The accuracy of these model tests is verified using numerical simulations. The results indicate that 
as water pressure ratio decreases, there is an increase in both the peak displacement of surface settlement and the seepage path range 
of water ahead of the excavation face expands. In contrast, decreasing water pressure ratio will break the limit equilibrium state of 
the strata faster, cause the earth pressure on the cutterhead to change more rapidly, and increase the instability range of the strata.
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1 Introduction 

The increasing number of urban transportation 
projects requires significantly more underwater tun‐
nels. When constructing shield tunnels in water-rich 
strata, ensuring the excavation face stability is a cru‐
cial prerequisite for project success. Currently, studies 
on excavation face stability which account for the 
effect of seepage mainly adopt numerical simulation 
methods, theoretical analysis, and model tests. Due to 
their reproducibility and flexibility, numerical simula‐
tion methods are extensively applied in studying exca‐
vation face stability under seepage conditions. The 
most common of these methods are finite element 
modeling (Lu et al., 2017; Pan and Dias, 2018; Wang 
et al., 2019; Hou et al., 2022; Ye et al., 2022; Cheng 
et al., 2023; Di et al., 2023c) and discrete element 
methods (Liu et al., 2016; Zhang et al., 2021; Fu et al., 
2022; Hou et al., 2023). For example, Li X et al. 

(2023) using numerical simulations and machine learn‐
ing, established a predictive model for the limit sup‐
port pressure in the excavation face of an underwater 
tunnel. Also, Tu et al. (2023) conducted various two-
phase single-point material point method simulations, 
which accounted for the fluid–solid coupling influ‐
ence to investigate the damage mechanisms of the ex‐
cavation face in saturated strata.

Since numerical simulation methods need to be 
validated through model tests or field monitoring, the‐
oretical analytical methods have been adopted by re‐
searchers because their derivation can be easily under‐
stood. In regard to research on excavation face sta‐
bility under seepage conditions, theoretical methods 
are largely concentrated on limit equilibrium methods 
(Mi and Xiang, 2020a; Han et al., 2021; Huang et al., 
2023; Li PF et al., 2023) and limit analysis methods 
(Li et al., 2020; Li et al., 2021; Di et al., 2022; Cui 
et al., 2024). In addition, many scholars have con‐
ducted research on excavation face stability for satu‐
rated strata. By considering the fluid-structure cou‐
pling effect, theoretical solutions for the limit support 
pressure of excavation face under seepage conditions 
can be derived (Zhang et al., 2022). On the basis of 
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the Hansbo seepage model, Wu et al. (2023) presented 
a 3D continuity equation for non-Darcy seepage in 
spherical coordinates.

However, unsaturated strata are also common in 
the real world. Using the concept of generalized effec‐
tive stress, Li et al. (2019) obtained the strength of un‐
saturated soils using an extended form of the Mohr-
Coulomb theory, and this provided an effective ap‐
proach for investigating the effect of unsaturated seep‐
age on excavation face stability. Hou and Yang (2022) 
proposed a closed-form solution characterizing the 
spatial and temporal variation of saturation, and eluci‐
dated the effect of unsaturated transient seepage on 
the excavation face stability.

For the study of excavation face stability in satu‐
rated strata, model tests possess advantages such as 
convenient observation, controllable formation and 
boundary conditions, and short testing periods. Model 
tests are primarily comprised of gravity tests and cen‐
trifugal tests. Based on gravity model tests, in which 
the baffle is made to move backward, scholars have 
analyzed the excavation face stability under seepage 
conditions for sandy soil strata (Lü et al., 2018; Mi 
and Xiang, 2020b). Centrifugal model tests are also 
commonly used to investigate the excavation face sta‐
bility under saturated strata conditions. For instance, 
Chen et al. (2018) revealed an asymptotic rule for ex‐
cavation face stability under high hydraulic pressures 
for sandy silty strata. Moreover, Yin et al. (2021) ana‐
lyzed the effect of permeability anisotropy on the ex‐
cavation face stability in sandy silty strata. For clay 
strata, Weng et al. (2020) concluded that under the as‐
sumptions of homogeneous and isotropic soil and 
steady-state seepage flow, the permeability coefficient 
has no effect on the seepage force in the limit support 
pressure.

Currently, research on shield tunnel excavation 
face stability in sandy soil, clay, and other strata has 
made some progress. However, research on excava‐
tion face stability in water-rich sandy pebble strata re‐
mains scarce (Sohaei et al., 2020; Lei et al., 2021; 
Jiang et al., 2022). Meanwhile, Di et al. (2023b) con‐
cluded that sandy pebble strata with varying degrees 
of compactness can significantly affect the deforma‐
tion induced by the excavation face instability. Due to 
deposition, the actual strata are generally upper loose 
and lower dense, but most current studies are on 
sandy pebble strata of uniform compactness (Lin et al., 
2021; Di et al., 2023a).

In addition, many studies have been carried out 
under the assumption that the water pressure of the 
excavation face is zero. However, in actual engineer‐
ing, the water pressure is often greater than zero (He 
et al., 2017; Wan et al., 2022; Di et al., 2024). There‐
fore, this study is aimed at the upper loose and lower 
dense water-rich sandy pebble strata. Specifically, we 
carry out model tests to investigate the active insta‐
bility under different water pressure ratios (α). The 
variation rules of surface settlement, water pressure, 
earth pressure on the cutterhead, and earth pressure in 
the strata with regard to the backward distance (L) of 
the baffle are investigated.

2 Engineering background 

The Chengdu area is dominated by water-rich 
sandy pebble strata, and the metro tunnel projects 
there are influenced by three main characteristics, 
namely a high water table, high sandy pebble content, 
and high strength of pebbles and boulders. Therefore, 
when building shield tunnels in such areas, the exca‐
vation face is prone to collapse, after which hidden 
dangers such as hysteresis settlement will be induced. 
The shield interval of Chengdu Metro Line 17 has a 
length of 2802 m, and the depth of the shield tunnel is 
15 m. The shield tunnel lining has an outer diameter 
of 7.5 m and an inner diameter of 6.7 m. The width of 
the segment is 1.5 m and its thickness is 0.4 m. The 
shield tunnel passes under the Jiang’an River (a 
source of major hazards) within the area of the inter‐
val, and the distance between the river bottom and the 
tunnel top is about 15 m.

The strata in this area are mainly of sandy peb‐
ble type, except for a small amount of miscellaneous 
fill in the upper part. The strata from top to bottom 
are the slightly dense sandy pebble stratum, the medi‐
um dense sandy pebble stratum, and the dense sandy 
pebble stratum. The codes of the three strata are Ⅰ, Ⅱ, 
and Ⅲ , respectively. The specific parameters of the 
strata are given in Table 1.

The shield machine mainly operates in the de‐
marcation between medium dense sandy pebbles 
and dense sandy pebbles, as illustrated in Fig. 1. 
Therefore, the strata ahead of the excavation face 
in this model test is in the form of intermediate 
stratification.
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3 Model test designs 

3.1 Similar strata designs

The diameter of the shield tunnel in the Chengdu 
Metro Line 17 tunnel project is 7.50 m, and the diame‐
ter of the shield tunnel in the test model is D=300 mm. 
Thus, the geometric similarity ratio between the model 
test and the actual project is 1∶25. When formulating 
the similar soil material in the model test, the ideal 
similarity ratio is 1∶1, accounting for the similarity of 
the density of gravity and internal friction angle. The 
cohesion and internal friction angle of the three simi‐
lar soils are derived by a straight shear test; these re‐
sults for each stratum are illustrated in Fig. 2.

From three fitted straight lines, the internal fric‐
tion angles of the three similar strata are respectively 
37.3°, 41.4°, and 44.0°, and their cohesion is 0 kPa. 

The density of the fill corresponding to the three simi‐
lar strata is obtained from the relative compactness 
test, with the values of the specific parameters being 
illustrated in Table 2.

3.2 Test device

The shield tunnel excavation seepage stability 
model test device is illustrated in Fig. 3, and consists 
of a model box, a tunnel model, an excavation face 
control system, a tunnel-pump-surface water circula‐
tion system, and a data measurement and acquisition 
system (Mi and Xiang, 2020b). This model test device 
is used for investigating shield tunnel excavation face 
stability in the upper loose and lower dense water-rich 
sandy pebble strata, for different excavation face water 
pressure ratios (α=1.0, 0.5, and 0.0). The water pres‐
sure ratio α is determined by the following equation:

Fig. 2  Results of straight shear tests

Table 1  Physical and mechanical parameters of the strata

Stratum code

Ⅰ

Ⅱ

Ⅲ

Buoyant unit 
weight, γ′ (kg/m3)

1900

2100

2300

Internal friction 
angle, φ (°)

38

42

45

Young’s modulus, 
E (MPa)

18

38

50

Poisson’s 
ratio, μ

0.27

0.24

0.22

Relative 
compactness, Dr

0.33

0.57

0.78

Cohesion, c (kPa)

0

0

0

Fig. 1  Geographic profile (unit: m)

Table 2  Physical and mechanical parameters of the strata

Stratum code

Ⅰ

Ⅱ

Ⅲ

Prototype

Model

Prototype

Model

Prototype

Model

Relative compactness, Dr

0.33

0.35

0.57

0.55

0.78

0.75

Buoyant unit weight, γ′ (kg/m3)

1900

1950

2100

2130

2300

2340

Thickness, h (m)

7.50

0.30

11.25

0.45

–

0.35

Internal friction angle, φ (°)

38.0

37.3

42.0

41.4

45.0

44.0
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α =
hw +D -D

hw +D
 (1)

where hw is the distance from the tunnel top to the 
water level, D is the diameter of the tunnel, and Δ is 
the difference between the water ahead of the excava‐
tion face and the surface water head.

The interior of the model box has a length of 
1050 mm, a width of 900 mm, and a height of 
1500 mm. The tunnel model is cut from an aluminum 
cylinder with a length of 400 mm, an inner diameter 
of 300 mm, and a thickness of 20 mm, with a semi-
circular cross-section.

The excavation face control system consists of a 
cutterhead and a baffle that can simulate the shield ex‐
cavation chamber. The cutterhead is made of a 20 mm-
thick semi-circular plastic plate with evenly-cut holes. 
The baffle is made of a combination of semi-circular 

sponge and steel wire mesh, so that water can pass 
through the baffle but soil cannot. The baffle is con‐
nected to a rotating wheel by a bearing. The cutter‐
head with evenly-cut holes is fixed, and the baffle can 
be moved backward horizontally. During the test, the 
baffle is moved backward by turning the wheel coun‐
terclockwise. The support pressure of the excavation 
face is insufficient, thus causing active instability of 
the excavation face.

The bottom and back sides of the model box are 
made of 5 mm-thick steel plates. The front, left, and 
right sides of the model box are made of 20 mm-thick 
transparent acrylic glass panels, used as observation 
windows.

3.3 Monitoring schemes

Sixteen settlement monitoring points are placed 
on the surface of the strata model, as illustrated in 
Fig. 4. Surface displacement data are acquired by a 
static strain collector.

Twenty-three vertical earth pressure boxes are 
placed in the strata, as illustrated in Fig. 5. The earth 
pressure box has a diameter of 28 mm and a thickness 
of 7 mm, which enables functionality in saturated 
soil. Monitoring data of earth pressure in the strata are 
also acquired by a static strain collector.

Six earth pressure boxes are placed on the cutter‐
head, and five osmometers are placed on the axis of 

Fig. 3  Shield tunnel excavation seepage stability model 
test device: (a) picture of the model box; (b) diagrammatic 
drawing of the model box (unit: mm)

Fig. 4  Distribution of surface settlement monitoring points 
(unit: mm)
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the tunnel and fixed on the acrylic plate of the model 
box, as illustrated in Fig. 6. The monitoring data of 
water pressure are acquired by an osmometer collector.

3.4 Testing procedure

The specific testing procedure is illustrated in 
Fig. 7, and the steps are as follows:

(1) The model box is first cleaned, and then the 
inside of the box is coated with petroleum jelly to re‐
duce friction.

(2) The mass of model soil required for sandy 
pebbles with different degrees of compactness is cal‐
culated. Then, soil is filled to a predetermined height, 
according to the set mass. During the filling process, 

Fig. 5  Distribution of earth pressure boxes in the strata: (a) 1‒1 section; (b) 2–2 and 3–3 sections (unit: mm)

Fig. 6  Distribution of earth pressure boxes and osmometers: (a) distribution of earth pressure boxes on the cutterhead; 
(b) distribution of osmometers ahead of the excavation face (unit: mm)
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earth pressure boxes are buried at predesignated loca‐
tions. When the height is 350 mm, the soil is leveled 
and colored sand is laid. Then, colored sand is laid at 
100 mm intervals, starting at a height of 500 mm. After 
each 10 cm thickness of soil is filled, water is sprayed 
by a sprinkler to make the water overflow the soil sur‐
face. After waiting for a period of time, the water 
level does not drop and there is no air bubble above 
the soil, indicating that the soil is saturated.

(3) When the strata reach a height of 1100 mm, 
the surface is leveled and the surface displacement 
meter is set up. Then a water sprinkler is used to 
bring the water level up to 1200 mm. At the same 
time, the static strain collector, the osmometer collec‐
tor, and the digital image correlation (DIC) equipment 
are connected.

(4) The baffle is moved backward at a rate of 
0.1 mm/s by rotating the wheel. In the whole test pro‐
cess, the height of the water column in the piezomet‐
ric pipe under different α conditions is controlled by 
the water pump valve. After every 1 mm of move‐
ment, we wait until all measurements have stabilized, 
and then the baffle continues to move backward. The 
backward distance of the baffle is represented by 
L. When L=10 cm, the test is completed.

3.5 Establishing the numerical model

In order to validate the model tests, numerical 
simulations are carried out under different α conditions 

using the Abaqus software. The model of the upper 
loose and lower dense water-rich sandy pebble strata 
is illustrated in Fig. 8. The dimensions of the numeri‐
cal simulation are consistent with the dimensions of 
the model test, and the soil parameters in the numeri‐
cal simulation are essentially consistent with those of 
the test soil. The permeability coefficient k of the soil 
in the numerical simulation is measured from the 
constant-head permeability test, with k=2×10−5 m/s.

Since our analysis focuses on the stability of the 
excavation face, a simplified single-step (300 mm) ex‐
cavation scheme is adopted. According to Eq. (1), the 

Fig. 7  Testing procedure

Fig. 8  Numerical model of the upper loose and lower dense 
water-rich sandy pebble strata (unit: mm)
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water pressure of the excavation face is set for different 
α values. For α=1.0, the excavation face is set to be a 
free permeable interface, and the water pressure at each 
position ahead of and behind the excavation face is set 
as equal. For α=0.5, the water pressure of the excava‐
tion face is set to 5000 Pa. For α=0.0, the excavation 
face is set to be a completely free permeable interface, 
and the water pressure of the excavation face is set to 0.

The numerical simulation process is as follows:
(1) A numerical model of the same dimensions 

as the model test is established. The portion represent‐
ing the tunnel is set to be an empty unit, and the lin‐
ing unit is set to support the tunnel. The material prop‐
erties are defined and the boundary conditions are set, 
and then the initial geostress balance is calculated.

(2) The speed of the excavation face moving 
back along the normal direction is set to 0.002 mm 
per iteration step, and the fluid-structure coupling cal‐
culation is carried out. The constraint condition of the 
excavation face is changed to be a normal fixed con‐
straint for each 1 mm backward movement, and then 
the fluid-structure coupling calculation is carried out 
to the equilibrium state.

(3) The above process is repeated, and the nu‐
merical simulation is completed when the excavation 
face moves backward by 10 cm.

4 Engineering background 

Model tests are carried out under different α con‐
ditions, with the test results illustrated in Figs. 9–11 
for L=10 cm.

4.1 Model test and numerical simulation validation

The variation rule of surface settlement is ana‐
lyzed using the DIC technique, and the soil displace‐
ment incremental field in front of the excavation face 
for different α values is obtained, as illustrated in 
Fig. 12.

Fig. 13 presents the variation rule of the peak 
displacement of surface settlement with L, and we an‐
alyze the results of the model tests and numerical sim‐
ulations simultaneously. In the model tests, the loca‐
tions of the peak displacement of surface settlement 
for different α values are at points A, B, and C, respec‐
tively, as illustrated in Figs. 9–11. In the numerical 
simulation, the locations of the peak displacement of 
surface settlement for different α values are also de‐
fined as points A, B, and C.

For both the model tests and numerical simula‐
tions, it is found that under different α conditions, the 
variation rule of peak displacement of surface settle‐
ment is categorized into three phases. The ranges of L 
corresponding to the three phases for different α val‐
ues are shown in Table 3.

(1) Non-displacement phase. As the baffle 
moves backward, the support pressure acting on the 
excavation face is reduced, which leads to active in‐
stability of the strata. At this phase, the soil arch be‐
gins to form and develop, but it does not reach the 
surface.

(2) Slow-descent phase. When the soil arch grad‐
ually develops to the surface, the instability range 
gradually increases, but the surface settlement in‐
creases slowly. At this stage, we mainly see that the 

Fig. 9  Model test for α=1.0: (a) picture of the test result; (b) diagram of the test result (unit: mm)
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influence of L is to increase the instability range of 
the strata.

(3) Rapid-descent phase. With the increase of L, 
the soil arch effect gradually disappears, and the over‐
all instability of the strata occurs. The instability range 
of the strata increases slowly, and the surface settle‐
ment develops rapidly. At this phase, the influence of 
L is mainly to increase the settlement of the strata. 
With the decrease of α, the peak displacement of sur‐
face settlement gradually increases for a given L.

With the decrease of α, the overall instability of 
the strata in the model tests occurs at L values of 5.0, 
4.3, and 3.5 cm, and in the numerical simulations, the 
overall instability of the strata occurs at L values of 

5.6, 4.6, and 4.0 cm. Meanwhile, under the same α 
and L conditions, the peak displacement of the sur‐
face settlement obtained from the numerical simula‐
tions is smaller than that obtained from the model 
tests. This indicates that the stability of the strata in 
the numerical simulations is slightly greater than the 
stability in the model tests. This is primarily due to 
the fact that the numerical simulations use continuous 
strata units, whereas the particles of strata in the model 
tests are discrete.

4.2 Three-dimensional surface settlement analysis

When L=10 cm, the surface settlement is ob‐
tained from 16 surface displacement meters, and the 

Fig. 11  Model test for α=0.0: (a) picture of the test result; (b) diagram of the test result (unit: mm)

Fig. 10  Model test for α=0.5: (a) picture of the test result; (b) diagram of the test result (unit: mm)
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3D surface settlement is fitted for different α values, 
as illustrated in Fig. 14.

This analysis indicates that a symmetrical semi-
funnel-shaped settlement is produced at the surface 
after completion of the test. Its symmetrical centerline 

is located about 2 cm ahead of the vertical line corre‐
sponding to the excavation face. With the decrease of 
α, the maximum radius of the funnel gradually in‐
creases to 11 cm (0.367D), 13 cm (0.433D), and 17 cm 
(0.567D). Meanwhile, the maximum settlement of the 

Fig. 12  Soil displacement incremental field for different α values: (a) α=1.0; (b) α=0.5; (c) α=0.0
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funnel increases gradually as α decreases, with values 
of 15.0, 28.5, and 45.0 mm. These conclusions are 
consistent with those obtained by DIC analysis.

4.3 Water pressure analysis

Due to the condition that α=1.0 does not adjust 
the water pump valve, the chamber is always full of 
water as the baffle moves backward. Additionally, the 
water pressure in front of and behind the excavation 

Fig. 13  Variation rule of peak displacement of surface settlement with L: (a) α=1.0; (b) α=0.5; (c) α=0.0

Table 3  Range of L at each phase for different α values

Test condition

Model test

Numerical 
simulation

α=1.0

α=0.5

α=0.0

α=1.0

α=0.5

α=0.0

L (cm)

First 
phase

0.0–2.8

0.0–2.5

0.0–2.0

0.0–3.4

0.0–2.8

0.0–2.2

Second 
phase

2.8–5.0

2.5–4.3

2.0–3.5

3.4–5.6

2.8–4.6

2.2–4.0

Third 
phase

5.0–10.0

4.3–10.0

3.5–10.0

5.6–10.0

4.6–10.0

4.0–10.0
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face is equal, and it can be considered that no seepage 
occurs on the excavation face. Therefore, under the 
conditions that α=1.0, the seepage field is steady throu‑
ghout the test, and the water pressure in each osmom‐
eter remains level.

Under the conditions that α=0.5 and 0.0, the vari‐
ation rule of water pressure ahead of the excavation 
face with L is illustrated in Fig. 15.

Except for Osmometer 5, which leaves the exca‐
vation face furthest under the α=0.5 condition, the 
water pressure at each osmometer tends to increase 
and later stabilize as L increases. This is because be‐
fore starting the test in these two working conditions, 
water needs to be released to the set position in the 
chamber. With the increase of L, the seepage gradu‐
ally becomes stable.

Under the condition that α=0.5, the seepage path 
is within the range of 0–16 cm (0–0.53D). Under the 
condition that α=0.0, the seepage path is within the 
range of 0–24 cm (0–0.8D).

Next, we compare the seepage path range ob‐
tained from the numerical simulations with that ob‐
tained from the model tests. Under different α condi‐
tions, the pore pressure distribution and seepage ve‐
locity of the strata are illustrated in Figs. 16 and 17. 
When α=1.0, the water pressure ahead of and behind 
the excavation face is the same, which is equivalent to 
the situation without seepage. Therefore, the range of 
the seepage field under the conditions of α=0.5 and 
0.0 is analyzed below.

Fig. 15  Variation rule of water pressure with L: (a) α=0.5; 
(b) α=0.0

Fig. 14  Three-dimensional surface settlement: (a) α=1.0; 
(b) α=0.5; (c) α=0.0
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It is clear that the water in the strata flows to‐
wards the tunnel area, and the far boundary remains 
at hydrostatic pressure. Under the condition that α=
0.5, the seepage path is within the range of 0–0.46D 
in the numerical simulation. Under the condition that 
α=0.0, the seepage path is within the range of 0–0.72D 
in the numerical simulation. This analysis shows that 
the range of the seepage path increases with the de‐
crease of α, which is consistent with the results of the 
model tests.

The results of the model tests and numerical sim‐
ulations show that the seepage path range of water 
will increase with the decrease of α. Moreover, the 
water pressure is high ahead of the excavation face 
and low behind the excavation face. Water will thus 
flow from a high-pressure region to a low-pressure 
region, creating the seepage force. For constant L, as 
α decreases, the water pressure difference between 
the front and back of the excavation face gradually 

increases, so the seepage force gradually increases. 
Therefore, the decrease of α will cause the water to 
carry more soil particles into the chamber, resulting in 
a larger instability range of the strata.

4.4 Earth pressure analysis

4.4.1　Earth pressure analysis on the cutterhead

The amount of change in earth pressure on the 
cutterhead for varying L values is illustrated in Fig. 18, 
where EP 1–EP 6 represent the earth pressures of the 
six earth pressure boxes placed on the cutterhead 
(No. 1 to No. 6 shown in Fig. 6a), respectively. Under 
different α conditions, each earth pressure presents 
the same variation rule with the increase of L.

No. 3 and No. 6 earth pressure boxes are fixed in 
the center of the cutterhead, and their earth pressures 
EP 3 and EP 6 are basically unaffected during the en‐
tire test process. Looking at Figs. 9–11, the colored 

Fig. 17  Pore pressure distribution (a) and seepage velocity 
(b) for α=0.0

Fig. 16  Pore pressure distribution (a) and seepage velocity 
(b) for α=0.5
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sand at 350 mm is not disturbed, which also verifies 
this conclusion. No. 4 and No. 5 earth pressure boxes 
are fixed at the lower part of the cutterhead, and their 
earth pressures EP 4 and EP 5 gradually increase. 
This is because the soil continues to enter the cham‐
ber, and the earth pressure boxes below are subjected 
to the squeezing action.

The earth pressures EP 1 and EP 2 show a trend 
of slowly decreasing, then rapidly decreasing, and 

finally stabilizing. This is due to the backward move‐
ment of the baffle, which leads to active instability of 
the soil ahead of the excavation face. The soil continu‐
ously enters the chamber through the cut-outs in the 
upper part of the cutterhead, resulting in a gradual de‐
crease in the surrounding earth pressure. With the con‐
tinuous increase of L, the limit equilibrium state of 
the strata is broken. A small reduction of the support 
pressure will lead to a large amount of soil collapse, 
and the earth pressures EP 1 and EP 2 drop rapidly ac‐
cordingly. Finally, stable seepage flow is formed in 
the strata, and the earth pressure on the cutterhead is 
also stable. One can observe that with the decrease of 
α, the corresponding L in the limit equilibrium state de‐
creases with decreasing values of 5.0, 4.3, and 3.5 cm.

At the same time, for constant L, the change in 
EP 1 and EP 2 involves a gradual increase with the de‐
crease of α. This is because the decrease of α leads to 
the increase of seepage force ahead of the excavation 
face. Water will carry more soil particles into the cham‐
ber, thus increasing the degree of change in earth pres‐
sure within the disturbed range. When L=10 cm, the 
amounts of decrease in EP 1 are 1.25, 1.41, and 
1.64 kPa, and the amounts of decrease in EP 2 are 
1.03, 1.20, and 1.33 kPa. These show that the de‐
crease of α will lead to greater changes and a more 
rapid change of the earth pressure on the cutterhead, 
which will cause overall instability and displacement 
of the strata in advance.

4.4.2　Earth pressure analysis in the strata

In order to more directly reflect the variation 
rule of the earth pressure in the strata, the ratio of the 
vertical earth pressure under L to its initial value is de‐
fined as nsx. Meanwhile, in order to study the failure 
model of the excavation face, the instability range of 
the strata is obtained from the DIC analysis, as illus‐
trated in Fig. 22.

The variation rules of the coefficient nsx parallel 
and perpendicular to the excavation direction are illus‐
trated in Figs. 19–21. Under different L conditions, 
the variation of nsx reflects the disturbed range of verti‐
cal earth pressure. Under the condition that α=1.0, the 
disturbed length of the vertical earth pressure is less 
than 1D, and the disturbed width of the vertical earth 
pressure is less than 0.5D. Compared to the condition 
that α=1.0, the disturbed range of vertical earth pres‐
sure increases under the condition that α=0.5, but the 

Fig. 18  Amount of change in earth pressure on the 
cutterhead with L: (a) α=1.0; (b) α=0.5; (c) α=0.0
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Fig. 19  Variation rule of nsx with L when α=1.0: (a) L=1.5 cm; (b) L=3 cm; (c) L=6 cm; (d) L=10 cm
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Fig. 20  Variation rule of nsx with L when α=0.5: (a) L=1.5 cm; (b) L=3 cm; (c) L=6 cm; (d) L=10 cm
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Fig. 21  Variation rule of nsx with L when α=0.0: (a) L=1.5 cm; (b) L=3 cm; (c) L=6 cm; (d) L=10 cm
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disturbed length is also less than 1D and the disturbed 
width is also less than 0.5D. Under the condition that 
α=0.0, the disturbed length is more than 1D, and the 
disturbed width is more than 0.5D. With the decrease 
of α, the disturbed range of earth pressure in the strata 
increases. This also indicates that the decrease of α 

will lead to the expansion of the instability range and 
surface settlement.

The vertical earth pressure in front of the excava‐
tion face is significantly more disturbed than the pres‐
sure behind. Because the baffle moves backward, the 
soil ahead of the excavation face enters the chamber 

Fig. 22  Instability range of strata for different α values: (a) α=1.0; (b) α=0.5; (c) α=0.0
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first. Furthermore, there are vertical earth pressure 
boxes located in front of the center of the tunnel, 
whose nsx is essentially equal to 1, indicating that they 
are unaffected by L. From Fig. 22, one can observe 
that the instability range ahead of the excavation face 
is larger than that behind the excavation face, and the 
stratum with dense sandy pebbles is unaffected by the 
strata instability.

Meanwhile, the vertical earth pressure at differ‐
ent locations in the disturbed range tends to decrease 
gradually with the increase of L, and this rule be‐
comes increasingly pronounced as α decreases. In 
Fig. 22, the instability range of the strata has been 
plotted, abstracting the instability range into 3D geome‐
try. Under different α conditions, with the decrease of 
nsx, the soil arch begins to form and develop, but it 
does not affect the surface. At the same time, the in‐
stability range of the strata develops from the “quarter 
ellipsoid” model to the “quarter ellipsoid+circular trun‐
cated cone+semiellipsoid” model. When α=0.5 or 0.0, 
the soil arch develops rapidly. When L=1.5 cm in 
Figs. 22b and 22c, the instability range develops 
into the “quarter ellipsoid+circular truncated cone+
semiellipsoid” model. Later, with the further decrease 
of nsx, the soil arch effect reaches the surface and grad‐
ually disappears. The overall instability of the strata 
therefore manifests, and the failure model of “quarter 
ellipsoid+circular truncated cone+cylinder+circular 
truncated cone” forms.

4.5 Instability range analysis

Looking at Fig. 22, when L=10 cm, the instabili‐
ty ranges of the strata obtained from numerical simu‐
lations under different α values are 0.73D, 0.87D, and 
1.13D. Meanwhile, the instability ranges of the strata 
obtained from numerical simulations are compared 
with those obtained from the model tests. In Fig. 23, 
we showcase the instability ranges of the strata under 
different α conditions for the numerical simulations 
when L=10 cm.

The instability ranges of the strata obtained from 
the numerical simulations for different α values are 
0.70D, 0.84D, and 1.06D. The results of the numeri‐
cal simulations are slightly smaller in value than those 
of the model tests. With the decrease of α, the insta‐
bility range of the strata increases gradually, which 
is consistent with the conclusions from the model 
tests.

Meanwhile, the maximum displacement in the 
strata occurs on the excavation face where the medium 
dense sandy pebbles are located, which is consistent 
with the results of the DIC. Differing from the results 
of the model tests, the excavation face where the dense 
sandy pebbles are located also deforms, and this is 

Fig. 23  Instability range of the strata when L=10 cm for 
different α values: (a) α=1.0; (b) α=0.5; (c) α=0.0
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caused by moving the entire excavation face back‐
ward in the numerical simulations.

We point out that Di et al. (2024) used this same 
model box to study the failure model of an excavation 
face for water-rich sandy pebble strata, but studied the 
homogeneous strata with a relative compactness of 
0.55. Here, we study the failure model of the excava‐
tion face for the upper loose and lower dense water-
rich sandy pebble strata. Fig. 24 shows the instability 
ranges of two different strata. When L=10 cm, except 
for the homogeneous sandy strata under α=1.0 condi‐
tion, the overall instability of the homogeneous sandy 
strata and the upper loose and lower dense sandy peb‐
ble strata has occurred under other conditions. When 
α changes from 1.0 to 0.0, the instability range of the 
homogeneous sandy strata changes from 0.5D to 1D, 
while the instability range of the upper loose and lower 
dense sandy pebble strata changes from 0.73D to 
1.13D. With the decrease of α, the instability ranges 
of the two different strata increase. Under the same α 
value, the instability range of the upper loose and lower 
dense sandy pebble strata is larger than that of the 
homogeneous sandy strata with a relative compact‐
ness of 0.55. This is due to the structural discontinui‐
ty of the upper loose and lower dense strata, result‐
ing in uneven stress and deformation at the interface, 

which can easily cause local instability. Meanwhile, 
the upper stratum is relatively loose, which produces 
greater stratum deformation, thus increasing the insta‐
bility range.

5 Conclusions 

Active instability model tests of excavation face 
under different α conditions are carried out for the 
upper loose and lower dense water-rich sandy peb‐
ble strata. The following conclusions are obtained from 
the research:

(1) For varying α conditions, the variation rule 
of peak displacement of surface settlement with L is 
categorized into three phases: the non-displacement 
phase, slow-descent phase, and rapid-descent phase. 
After the tests, the surface forms a symmetrical semi-
funnel-shaped settlement, whose radius and maxi‐
mum settlement increase as α decreases.

(2) Under the condition that α=0.5, the seepage 
path is within the range of 0–0.53D, and when α=0.0, 
the seepage path is within the range of 0–0.8D. With 
the decrease of α, the seepage path range will in‐
crease, which is consistent with the results obtained 
from the numerical simulations.

(3) The decrease of α will break the limit equilib‐
rium state of the strata faster, cause early deformation 
and displacement of the soil, and lead to a more rapid 
alteration in earth pressure on the cutterhead.

(4) With the decrease of α, the disturbed range of 
earth pressure in the strata becomes larger, which also 
signals an increase in the instability range of the strata. 
Moreover, with the increase of L, there is a gradual re‐
duction in earth pressure at various locations within 
this disturbed range, and this trend becomes more pro‐
nounced with smaller values of α.
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