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Abstract
Maintaining face stability of tunnels during tunnel excavation is essential. Studies on face stability of shield tunnels are 
generally conducted in completely dry or saturated sandy soils, and there are few studies on face stability in sandy ground 
with different low moisture contents. However, most practical conditions involve unsaturated sandy ground. In this regard, 
to investigate the tunnel face stability in sandy ground with different low moisture contents, a series of 1-g large-scale earth 
pressure balance (EPB) shield model tests were conducted. Variation of face support pressure, ground settlement, vertical 
stress, and soil arching effect in sand during the construction of shield tunnel was revealed. Furthermore, three kinds of failure 
mechanisms were proposed considering the soil arching effect and the range of ground settlement. The results show that the 
moisture content has a significant impact on the limit support pressure, the evolution of soil arching, and failure mechanisms. 
With the increasing moisture content, the ground settlement trough is wider, but the settlement value is smaller. And higher 
moisture content corresponds more significant soil arching effect. Moreover, the existence of soil arching makes limit face 
support pressure much smaller than the initial support pressure. Furthermore, based on three kinds of failure mechanisms 
constructed in this paper, theoretic approaches to estimate the limit support pressure and analyze face stability in sand with 
different moisture contents are proposed. Compared with the existing research results, failure mechanisms and empirical 
approaches proposed in this paper are more applicable to analyze tunnel face stability in sand with different low moisture 
contents, which is also closer to engineering practice.
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Introduction

During the process of underground space development, EPB 
shield has been widely used for its safety in construction, 
high mechanization, and small impact on the surrounding 
environment. However, face instability even surface col-
lapse will occur when tunneling if the support pressure is 
insufficient. Thus, the acquisition of limit support pressure 

for shield and the construction of failure modes for soils 
have become important research contents during shield 
construction.

Scholars at home and abroad have carried out a series of 
studies on face stability by using theoretical analysis, labora-
tory tests, and numerical simulation. In theoretical analysis, 
based on the assumption of stress field or velocity field, limit 
analysis method provides the theoretical basis for the cal-
culation of limit support pressure. Broms and Bennermark 
(1967) first introduced the theory of limit analysis to solve 
the limit face support pressure, and they defined a stability 
ratio N to evaluate whether the tunnel face is stable or not. 
On this basis, Davis et al. (1980) constructed failure mecha-
nisms of circular tunnel with three variable angles and four 
variable angles considering the rigid block theory. Then, 
the upper and lower solutions of tunnel instability were 
obtained. Furthermore, Mollon et al. (2010) constructed a 
translational multiblock failure modes using a spatial dis-
cretization technology; then, the optimal solutions of limit 
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support pressure in different strata were obtained. In addi-
tion, based on the slip line and limit analysis theories, Ding 
et al. (2019) presented a 4-variable multizone mechanism, 
which significantly improved the existing upper bound solu-
tions. What is more, many scholars considered some factors, 
such as the tunnel shape (Zhang et al. 2020), anisotropy of 
soils (Li and Zhang 2020), construction method (Ding et al. 
2021), seepage flow (Li et al. 2021) and the cohesion of soils 
(Ding et al. 2018; Zhang et al. 2015), that may make a dif-
ference on the construction of failure mechanisms and made 
a great progress compared with the researches in the past.

Laboratory testing is another useful tool to carry out tun-
nel face stability analysis (Soranzo et al. 2015). Chambon 
and Corté (1994) performed centrifugal model tests to study 
the face stability in completely dry sandy ground. Zhou and 
Pu (2002) also conducted a series of centrifugal model tests 
to investigate the variation of support pressure and ground 
settlements during tunnel excavation in sands. Li et  al. 
(2018) carried out a large-scale model test to investigate 
the face instability of shallow shield tunnels in sand. They 
discovered that there are three development stages of sup-
port pressure and surface deformation with the displacement 
of panel. Idinger et al. (2011) studied tunnel face stability 
by carrying out centrifuge tests. They found that arching 
effects were observed when C/D = 1.0 (C = buried depth and 
D = tunnel diameter). Li et al. (2011) and Chen et al. (2013) 
conducted 1-g large-scale model tests in dry sand for various 
C/D ratios to investigate the evolution of soil arching.

In addition, with the advancement of computing tech-
nology, numerical methods are increasingly providing a 
convenient environment for conducting tunnel face stabil-
ity analysis (Satyanarayana et al. 2021; Liu et al. 2020a, b; 
Lin et al. 2019; Alagha and Chapman 2019). Lavasan et al. 
(2018) constructed a three-dimensional model to investigate 
the slurry shield tunneling in fully saturated soils. Ling et al. 
(2021) also conducted a series of numerical simulation of 
slurry shield tunnels, and they found the friction angle had 
a significant impact on the failure zone. Furthermore, some 
scholars have also applied discrete element method (DEM) 
to study tunnel face stability (Wang et al. 2019; Chen et al. 
2011), and it was found that results obtained by numeri-
cal simulation were basically consistent with the model test 
results.

Most of the existing studies on face stability are con-
ducted in completely dry or saturated sandy soils (Liu et al. 
2018; Chen et al. 2018), while practical conditions mostly 
involve sandy ground with low moisture contents. And the 
construction of traditional failure mechanism of tunnel face 
does not consider the effect of different moisture contents 
on face stability, which will have a certain deviation from 
actual project. Therefore, it is more practical to consider 
the influence of different low moisture contents on face 
stability of shield tunnels in sandy ground. What is more, 

existing research results (Chen et al. 2013; Liu et al. 2020a, 
b; Liu et al. 2021) show that soil arching effect will induce 
redistribution of stress in front of tunnel face, which will 
affect the face stability and ground settlement. However, 
when constructing the failure mechanism of tunnel face and 
solving the limit support pressure, the soil arching effect is 
often ignored. Hence, it is particularly important to study the 
evolution of soil arching effect.

In this paper, 1-g large-scale physical model tests of 
shield tunnels in sands with different low moisture con-
tents ( � = 1.43%, 5.24%, and 9.3%) were carried out with 
C/D = 1.0. Firstly, the relationships between the support 
pressure and face displacement for various low moisture 
contents were discussed. Then, the influence of low mois-
ture contents on the relevant parameters of the settlement 
trough was discussed, and the relationship between width 
coefficient of the settlement trough and moisture contents 
in sand with a certain range of moisture content was given. 
Next, the distribution of vertical earth pressure around the 
tunnel was analyzed, and the evolution characteristics of soil 
arching effect were discussed. Finally, considering the range 
of ground settlement and soil arching effect, three kinds of 
failure modes with three different low moisture contents 
were proposed, and the corresponding theoretic approach 
to estimate the limit support pressure and stability coefficient 
was obtained using the limit analysis method. Compared 
with the existing studies, the applicability of the presented 
model in sand with low moisture contents was verified. The 
research could provide some reference for the construction 
of failure mode and the prediction of limit support pressure 
in sandy ground with different low moisture contents.

Physical model test

Test apparatus

As shown in Fig.  1, the size of the model box was 
2.4 m × 1 m × 2 m (length × width × depth). The tunnel head-
ing consisted of a 0.4-m-long and 10-mm-thick cylindrical 
steel shell with an inner diameter of 0.4 m. The tunnel face 
was a support plate which can be treated as rigid because 
of its high stiffness. The movement of the support plate was 
operated by a screw jack connected with the rotating shaft.

A load cell was set behind the support plate to measure 
support pressure of tunnel face. Twelve earth pressure cells 
were placed as shown in Fig. 2 to record soil stresses values, 
which were calibrated in order to register the stress during 
the tests. Seventeen LVDTs were placed on ground surface 
to measure the surface settlement, which were divided into 
three measuring lines (see Fig. 3), and at the tip of the probe 
for each LVDT, the contact plate was equipped. During the 
test, the screw rotated at a constant speed ( 1⋅r

12
)/s; that is, the 
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support plate moved backwards by 0.167 mm per 1/12 circle 
of screw rotation.

Characteristics of sands

In this paper, tests were performed with sands from Jinan. 
Nearly 80 tons of sands was oven-dried, and the grain size 
distribution of sands was determined by sieving method, 

which is shown in Fig. 4. In Fig. 4, the average grain size 
d50 is 1.7 mm; the nonuniformity coefficient Cu is 12.14, 
and coefficient curvature Cc is 0.11; the particle size dis-
tribution is uneven and its continuity is poor. Then, the 
sand was mixed with three different volumes of water 
evenly, and they were put into the chamber. In order to 
control the uniformity of relative density and degree of 
compaction, the uniformly mixing sand with same weight 

Fig. 1   Apparatus of model test: 
a schematic diagram of model 
test; b actual indoor setup
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was put into the container layer by layer. Hand tamping 
was conducted with certain compaction energy to make 
each layer reach the height of 5 cm. Therefore, the uni-
formly mixing sand with same weight was compacted 
once at an interval of 5 cm, which is time-consuming 
but can ensure uniformity of relative density and degree 

of compaction to some extent. The same compaction 
method was also adopted by Liu et al. (2020a, b). Before 
each test, three sand samples from different locations 
were analyzed. Some relevant physical and mechanical 
parameters of sands were obtained by laboratory geo-
technical test (see Table 1).

Fig. 2   Locations of earth pres-
sure cells: a front view; b side 
view
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Test procedure

The strain-controlled method was used by sequentially 
reducing the support pressure during tests, and the specific 
steps were as follows:

(1)	 The sand with uniform mixing and same weight was 
put into the chamber and compacted layer by layer. The 
earth pressure cells were put on the designed positions 
and calibrated prior to burial. The calibration method 

of earth pressure cells is to input the calibration coef-
ficient, which is obtained by sensor manufacturers from 
experiments, to data acquisition system (Labuz and 
Theroux 2005). Then, the average density and relative 
density were measured after the completion of filling.

(2)	 The ground surface was smoothed, and LVDTs were 
installed on the designed positions. The initial vertical 
earth pressures, support pressure, and surface settle-
ment were recorded, then model tests started.

(3)	 The piston was rotated, and data obtained by LVDTs; 
earth pressure cells and load cells were recorded every 
1 s.

(4)	 Instability occurred when there appeared steep drop in 
the load–displacement curve (Chen et al. 2013). The 
time to stop the model test can be adjusted according 
to test phenomenon, and data gained by the model tests 
should be recorded carefully.

Results and discussion

Face support pressure and face displacement

Variation of face support pressure

Figure 5 shows the curves of normalized face support pres-
sure P

/

P0 versus normalized face displacement �∕D from 
model tests for three moisture contents with � = 1.43%, 

Fig. 3   Setup of LVDTs
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Fig. 4   Particle size distribution curve of sand

Table 1   Physical and 
mechanical parameters of sands

Test number Moisture 
content(%)

Density(g/cm3) Internal 
friction 
angle/°

Relative density Degree of 
compaction
(%)

Cohesion/kPa

1 1.43% 1.83 36.4 0.90 95 1.60
2 5.24% 1.71 36.1 0.64 86 2.33
3 9.3% 1.53 35.9 0.23 74 4.79
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5.24%, and 9.3%, where P and P0 are the load and initial 
load acting on the tunnel face, respectively; � is the face 
displacement.

In Fig. 5, the curves of normalized load–displacement 
from model tests with three moisture contents show the 
roughly same development trends, which can mainly be 
divided into four stages. The four stages can be described as:

(1)	 Stage 1: With the displacement of the support plate, 
the support pressure tends to decrease slowly, and the 
normalized load–displacement curve is approximately 
linear. There is a relative sliding trend between sands 
in front of the tunnel face and sands on both sides. In 
this stage, the shearing resistance of sands works and 
soil arching effect takes place.

(2)	 Stage 2: The support pressure decreases at a large rate, 
and it can reduce sharply to the limit support pressure, 
Pu , at the face displacement of about 0.06 D. In this 
stage, the sand in front of the tunnel face reaches the 
limit equilibrium state, the soil arching effect fully 
develops, and the load transferred to the sand on both 
sides gets the largest.

(3)	 Stage 3: The support pressure increases slightly to a 
stable value when the support plate continues to move 
backwards. A local collapse occurs with the limit shear 
strength reached. The original soil arching is damaged, 
and the new soil arching begins to form and propagate 
towards ground surface.

(4)	 Stage 4: The support pressure reaches a stable value, 
which does not change with the displacement of the 
support plate, and the global collapse occurs.

Figure 5 also shows that, different low moisture con-
tents have little effect on the displacement that lead to the 

appearance of Pu with C/D = 1. The displacements are 
within the range of 24–30 mm. The reason is that, at the 
initial stage where soil arching begins to form, the range of 
failure zone is generally same in sands with different low 
moisture contents. However, Pu gradually decreases with 
the increase of moisture content, and the values of P

/

P0 
are 0.5,0.3 and 0.26, respectively. The reason is that, there 
exists certain apparent cohesion in unsaturated sand due to 
the matrix suction, and the apparent cohesion increases with 
the increase of moisture content. It is obvious that sands 
with higher apparent cohesion show better shear resistance 
than dry sand. Therefore, with the increase of the moisture 
content, the adjoining stationary sands bear more pressure 
transferred from a yielding mass of sands, and the influence 
range of soil arching becomes larger; what is more, the sands 
are more stable, and the smaller limit support pressure Pu 
is required.

Comparison of limit support pressure

In Fig. 6, the dimensionless factor Pu∕�D is introduced to 
compare with the existing results obtained by theoretical 
analysis and model tests.

Figure 6 shows that Pu∕�D obtained from this paper 
with � = 1.43% is larger than that of existing researches. 
Furthermore, the increase of moisture content can lead to 
the decrease of sand density and the limit support pressure, 
which is in good agreement with the conclusion obtained by 
Sun et al. (2017), because various moisture contents lead to 
different sand properties such as sand density, internal fric-
tion angle, and apparent cohesion. In the case of a certain 
volume, the sand with lower moisture content has a greater 
self-weight due to its relatively high density, which can reach 

Fig. 5   Normalized load–displacement curves of three model tests Fig. 6   Relationship between the limit support pressure and cover 
depth
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the shearing resistance more easily. Thus, sands with lower 
moisture contents involve the small influence scope of soil 
arching effect. Similarly, it can be inferred that because the 
apparent properties of sands are similar, Pu∕�D obtained 
by this paper is consistent with that obtained by Anagnos-
tou and Kovári (1996) and Kirsch (2010) with � = 5.24% ; 
Pu∕�D is close to that calculated by Leca and Dormieux 
(1990) with � = 9.3% . In addition, in this paper, Pu∕�D 
decreases with the increasing moisture content with C/D = 1, 
but it presents a slower reduce trend. When the moisture 
content of sand reaches a high constant, the apparent cohe-
sion begins to decrease. Thus, it can be inferred that the limit 
support pressure will increase again. Pu∕�D obtained in this 
paper coincides with that obtained by model tests and calcu-
lated by theoretical analysis, which proves the effectiveness 
of this model test.

Analysis of ground settlement

Variation of ground settlement

As shown in Fig. 7, the ground settlement laws of settlement 
center in sand with different low moisture contents are dif-
ferent. The ground settlement of Test 2 can be divided into 
four stages. The stages and possible reasons can be described 
as:

(1)	 Stage 1: There is no ground subsidence with the dis-
placement of the support plate. In this stage, the evolu-
tion of soil arching begins but the arch zone does not 
propagate to ground surface;

(2)	 Stage 2: The ground surface subsides at a slow rate. In 
this stage, the arch zone continues to propagate towards 
the ground surface and reaches the surface;

(3)	 Stage 3: With the increase of the face displacement, 
there is no obvious ground subsidence. The residual 
soil arching forms and starts working, and the internal 
sand is aggregated into blocks;

(4)	 Stage 4: The settlements increase steeply. In this 
stage, a global collapse occurs, and the soil arching is 
destroyed, which make ground surface collapse sud-
denly.

It should be noted that for Test 1, there is no Stage 3 and 
Stage 4 in terms of ground settlement. The ground surface 
collapses suddenly with the face displacement of 26 mm. 
At this time, the soil arching is completely destroyed and 
the sand is in a state of global collapse; for Test 3, there is 
no Stage 4 compared with Test 2. With the increase of face 
displacement, the settlement basically shows a linear growth, 
and a constant value is reached after the displacement of 
100 mm. Furthermore, the soil arching effect is obvious, and 
the sand in front of the tunnel face is not in a state of global 
collapse, that is to say, the failure zone does not propagate 
to the ground surface. This shows to some extent that the 
increase of moisture content in sand leads to the increasing 
apparent cohesion and better self-stability of sand.

Surface settlement trough

Based on a considerable number of field observations, Peck 
(1969) concluded that the transverse settlement trough can 
be expressed as follows:

where S and Smax are the settlement and maximum settle-
ment, respectively; x is the distance from one point on the 
ground face to the centerline; and i is the distance from 
the point of inflection on the settlement trough to tunnel 
centerline.

O’Reilly and New (1982) analyzed the monitoring data 
of tunnels in London, and they concluded that the relation-
ship between the point of inflection i and the depth of tunnel 
centerline Z0 can be expressed as follows:

where K is a parameter of width coefficient of settlement 
trough, which depends not on the tunnel size and construc-
tion method but the soil nature. Existing field data (Mair 
et al. 1993) indicate that K varies between 0.2 and 0.45 for 
sands and gravels.

The settlement trough is drawn by the settlement value 
of Line 2 before the occurrence of global collapse, and the 
fitting of Gaussian distribution is carried out (see Fig. 8).

Figure 8 shows that settlement values corresponding to 
the three moisture contents can fitting well with Gaussian 

(1)S = Smaxe
−

x2

2i2

(2)i = KZ0

Fig. 7   Relationship between ground settlement and face displacement
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distribution curve for Line 2, which effectively proves the 
rationality of Peck formula. As shown in Fig. 9a, the values 
of i obtained from Tests 1, 2, and 3 are 20.84 cm, 23.55 cm, 
and 26.79 cm, respectively. Thus, with the increasing mois-
ture content, the value of i is larger; that is, the expansion 
range of settlement trough is larger, and settlement trough is 
“shallow and wide”; on the contrary, the settlement trough is 
“narrow and deep.” This also reflects, to some extent, the soil 
arching has a greater effect on reducing the settlement due to 
the decreasing support pressure with the increase of moisture 
content.

By using Eq. (2), the values of K with three different mois-
ture contents can be calculated as 0.35, 0.39, and 0.45, respec-
tively. They are all between 0.2 and 0.45, which coincide with 
the results obtained from existing field data (Mair et al. 1993). 
Therefore, the higher the moisture content is, the larger the 
expansion range of settlement trough is. As shown in Fig. 9b, 
the relationship curve between K and moisture content is 
drawn. In addition, in the range of moisture content from 1.34 
to 9.3%, the fitting relationship between them is

This formula can be used to approximately predict the 
value of K for shallow tunnels in sandy ground with mois-
ture content from 1.34 to 9.3%. However, it is worth noting 
that this formula cannot predict the value of K when the 
moisture content exceeds 9.3% due to the limitation of the 
number of tests.

Analysis of distribution of earth pressure

Distribution of earth pressure

According to Chen et al. (2013), the vertical stress concen-
tration ratio, � , is defined as  �=�v∕�v0 to observe the stress 

(3)K = 0.012� + 0.329
distribution and the evolution of soil arching in front of tun-
nel face, where �v is the final vertical earth pressure and �v0 
is the initial vertical earth pressure. Distributions of earth 
pressure with the three different moisture contents are shown 
in Fig. 10.

As shown in Fig. 10, when � = 9.3% , � at the position 
of 0.5 D in front of tunnel face gradually increases from 
bottom to top and is close to 1.0 at the position of 0.15 m 
away from the ground surface. At this time, earth pressure 
in the yielding mass of sand is released, and the loose failure 
zone appears, which lead to the decrease of vertical earth 
pressure. In addition, � increases slightly in the adjoining 
stationary part of sand, indicating that the soil arching is 
formed and not destroyed. It can be inferred that the arch 

Fig. 8   Curves of Gaussian distribution fitting of line 2

Fig. 9   Influence of moisture content on related parameters of settle-
ment trough: a relationship between i and � ; b relationship between 
K and �
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crown is approximately 0.2–0.25 D away from the ground 
surface. With the decrease of the moisture content, � at the 
position of 0.5 D in front of tunnel face is always less than 
1.0; the reason is that the arch zone has propagated to ground 
surface and the soil arching effect disappears at this time, 
which make the sand in a state of global collapse. Figure 10 
also shows that with the increase of moisture content, the 
area where � changes become bigger; that is, the expansion 
range of the failure area is larger. This is consistent with the 
conclusions drawn from the previous context.

Analysis of soil arching effect

With the displacement of the tunnel face, the face sup-
port pressure decreases, and the vertical earth pressure 
decreases rapidly. Furthermore, earth pressure is trans-
ferred from the yielding sand onto adjoining stationary 
parts, and the soil arching takes place. Then, as the tunnel 
face continues to retreat, the soil arching effect develops 
to the maximum, and the corresponding support pressure 
currently is the limit support pressure. Next, arch zone 
propagates upwards the ground surface, and the support 
pressure increases slightly; meanwhile, the ground surface 
begins to subside at a slow rate. When the ground settle-
ment reaches a certain value, the small displacement of 
tunnel face will lead to large ground settlement for sands 
with lower moisture content. Finally, the arch zone propa-
gates to the ground surface, and global collapse occurs. 
In this stage, the soil arching will be destroyed, and the 
support pressure tends to be a constant value. However, 
due to the greater apparent cohesion in sand with higher 
moisture content, the soil arching is not destroyed at last, 
and the soil arching is significant in maintaining the face 
stability. It was also found that the cavity was formed with 
� = 9.3% . The evolution of soil arching with different 
moisture contents are illustrated in Fig. 11.

Actual tunnel face failure morphology of model tests in 
sand with different moisture contents are shown in Fig. 12. 
It is obvious that, in Tests 1 and 2, the failure zone propa-
gates to the surface, and global collapse occurs, which 
means the soil arching is destroyed eventually. Compared 
with the failure morphology in Test 1, failure zone in Test 
2 is larger due to the smaller internal friction angle, and 
the obvious collapse phenomenon occurs. The reason is 
that higher moisture content corresponds to more signifi-
cant apparent cohesion, which means that the limit sup-
port pressure required to maintain face stability of sand is 
smaller. During model tests, the strain-controlled method 
is used to reduce the support pressure by making the 
support plate backward. And for Test 1, it takes a much 
shorter retreat to reach the limit support pressure. There-
fore, since the backward space is much smaller than the 
surface settlement space when the global collapse occurs, 
there is no obvious collapse phenomenon like Test 2. As 
shown in Fig. 12c, there seems no obvious settlement and 
failure in Test 3. When � = 9.3% , the soil arching effect 
still exists, and the sand has reached the state of self-stabil-
ity. Therefore, the higher moisture content corresponds to 
greater apparent cohesion, smaller internal friction angle, 
and more significant soil arching, and soil arching play an 
important role in maintaining the face stability.

Fig. 10   Distribution of vertical earth pressure: a longitudinal profile; 
b cross profile
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Failure mechanisms

Relative theories

Upper bound theorem of limit analysis

This theorem can be described as follows: the load corre-
sponding to the kinematic allowable deformation field is 
the upper bound of the real load, which corresponds to the 
motion state of the research object. Chen (1975) held that 
in any kinematically admissible deformation field, the load 
determined by the equation of virtual work is always larger 
than the actual failure load, and the equation is given as 
follows:

(4)

∫
S

Fiv
∗
i
dS + ∫

A

�iv
∗
i
dA = ∫

A

�ij�
∗
ij
dA + ∫

SD

(

� − �n tan�
)

Δv∗
t
dS

where A is the plastic zone; S is the plane of rupture; � and 
�n are shear stress and normal stress, respectively; �

ij
 is the 

stress, Fi is collapse load, and �i is the unit weight of soil.
In Eq. (4), Fi is generally considered as the ultimate load 

to make the system collapse, but there are also some special 
cases. In this paper, the vertical support pressure applied 
to the surrounding rock is used to prevent the tunnel face 
from being damaged, which is generally less than the actual 
failure load.

Stability ratio N

The stability ratio N was introduced by Broms and Benner-
mark (1967), which can be expressed by

where �S is uniform pressure acts on ground surface; �T is 
the pressure acts on the surrounding rock; and cu is und-
rained shear strength.

On this basis, Davis et al. (1980) applied the criteria 
for judging the face stability in cohesive soil layers: if N is 
higher than 6, the shallow tunnel is in an unstable state, and 
if N is less than 6, the shallow tunnel will be stable.

Construction of failure mechanisms

Basic assumptions

There are many factors that affect the support pressure of 
shield tunnel. In order to simplify the construction of failure 
mechanisms, the following assumptions are made:

(1)	 The calculation in this paper can be regarded as a plane 
strain problem.

(2)	 The circular tunnel is simplified into a square tunnel, 
and the width of the square tunnel is equal to D.

(3)	 The pressure acts on the top, sides, and bottom of the 
surrounding rock is uniform.

(4)	 The change of soil volume in this process is ignored.

Failure mechanisms

Atkinson and Potts (1977) suggested that failure mechanisms 
should be determined by analyzing the variation of earth 
pressure and ground settlement and observing the actual 
failure shape during model tests. Furthermore, Chen et al. 
(2013) proposed that the excavation of tunnels will induce 
redistribution of earth stress, and the Pu is far less than the 
initial support pressure due to the soil arching. Thus, soil 
arching is a key factor to be considered when constructing 
failure mechanisms. However, the soil arching effect is often 

(5)N =
�S − �T + �(C + D∕2)

cu

Fig. 11   Diagram of evolution of soil arching: a cross-section; b lon-
gitudinal section
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ignored when calculating the limit support pressure. There-
fore, combined with the actual range of ground settlement 
and distribution of vertical earth pressure, considering the 
influence of soil arching effect on tunnel face stability, the 
failure mechanisms under three different moisture contents 
( � = 1.43%, 5.24%, and 9.3%) were constructed, as shown 
in Fig. 13.

The model test results with � = 1.43% show that the set-
tlement trough is “narrow and deep,” and the failure zone 
propagates to the surface. Moreover, the value of Pu

/

P0 
is about 0.5, which means the support pressure does not 
reduce too much with the displacement of tunnel face. And 
soil arching is not developed well and eventually destroyed. 
The internal friction angle,�,is larger than that in sand with 
higher moisture content. Therefore, the top failure model can 
be adopted, as shown in Fig. 13a. For sands with � = 5.24% , 
both the width of settlement trough i and the failure zone 
become larger, and the arch zone reaches the surface. Fur-
thermore, Pu

/

P0 is reduced to 0.3, the soil arching effect 
is further developed, and failure mechanism 2 can be con-
structed as shown in Fig. 13b; for sands with � = 9.3% , the 
settlement trough is “wide and shallow,” and the arch zone 
does not reach the surface. Pu

/

P0 is reduced to 0.26, and the 
soil arching effect is obvious. Considering the influence of 

soil arching effect on face stability and the range of ground 
settlement obtained from model tests, failure mechanism 
3 can be constructed as shown in Fig. 13c. As shown in 
Fig. 13c, arch EF can be described as a parabola in the form 
of y = x(1 − x∕B) tan � with B being the arch width, � the 
inclination angle at the foot of the arch with � = 45◦ +

�

2
 , 

and H the height of the arch with H = Btan(�∕4) (Guo and 
Zhou 2013).

In this paper, it is assumed that the angle between the 
slip surface and the velocity on it is equal to half of the 
internal friction angle of the sand, that is, ��

=
�

2
 ; and the 

angle between the rupture surface and the horizontal line is 
equal to � with � = 45◦ +

�

2
 . Taking vector closure condition 

into consideration, the velocity field corresponding to failure 
mechanisms 2 and 3 can be obtained, as shown in Fig. 14.

Calculation of limit support pressure

Due to the limited space, only the calculation process of 
failure mechanism 2 is illustrated in detail. Failure mecha-
nism 2 is an axisymmetric structure, so it can be calculated 
by semi-structure.

(1)	 Calculation of kinematically admissible velocity field

Fig. 12   Failure morphology 
with different moisture contents: 
a Test 1 ( � = 1.43%); b Test 2 
( � = 5.24%); c Test 3 ( � = 9.3%)
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Fig. 13   Failure mechanisms 
with different moisture con-
tents: a failure mechanism 1 
( � = 1.43%); b failure mecha-
nism 2 ( � = 5.24%); c failure 
mechanism 3 ( � = 9.3%)
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When using the rigid block theory, the vector closure 
condition should be satisfied for the velocity vectors. 
According to the velocity field, the following equivalent 
relations can be obtained:

(2)	 Area of rigid sliding-block and length of discontinuous 
line

According to the geometric relationship in Fig. 13b, the 
area of rigid sliding-block and length of discontinuous line 
can be obtained as:

(3)	 Calculation of �T and N

The power of the sand weight is written:

(6)v1 =
sin(

�

2
+

�

2
)

sin(
�

4
−

�

2
)
v0

(7)v01 =
sin

�

4

sin(
�

4
−

�

2
)
v0

EQ =
D

tan �
; EO =

D

sin �
; EF = D +

2D

tan �
;

A0 =
1

2
⋅ C ⋅ EF; A1 =

1

2
⋅ D ⋅ EQ

where f (�) = 2+tan �

2 tan �
; f1(�) =

sin(
�

2
+

�

2
) cos

�

4

2 tan � sin(
�

4
−

�

2
)
.

The power of support pressure on the top and side of the 
tunnel is written:

where f2(�) =
1

2
+

sin

(

�

2
+

�

2

)

cos
�

4

sin

(

�

4
−

�

2

) .

The dissipation power can be written:

where f3(�) =
sin

(

�

2
+

�

2

)

cos
�

2

sin � sin

(

�

4
−

�

2

) +
sin

�

4
cos

�

2

tan � sin

(

�

4
−

�

2

).

According to the equation of virtual work, the power of 
external forces is equal to the dissipation power, which can 
be expressed by

Finally, the limit support pressure �T and stability ratio N 
are obtained as follows:

Comparison with existing research

In order to verify the rationality of failure mechanisms pre-
sented in our study, the �T and N obtained by the three model 
tests are compared with those of the theoretical solutions, as 
shown in Figs. 15 and 16.

In Fig. 15, the �T  of failure mechanisms 1 and 2 are 
between the upper- and lower-bound solutions of Sloan and 
Assadi (1993) when � = 0.25, and are close to the upper-
bound solutions obtained by Osman et al. (2006) when 
� = 0.25, where � is the rate of change of shear strength with 
depth. This shows that, due to the uneven distribution of 
moisture content in sand, failure mechanisms 1 and 2 are 
more suitable for sandy ground with � being approximately 
0.25 in practical engineering. The limit support pressure of 
failure mechanism 3 is larger than upper-bound solutions 

(8)
P� = �

C ⋅ EF

2
v0 + �

EQ ⋅ D

2
v1 cos

�

4

=�D2v0

[

C

D
f (�) + f1(�)

]

(9)PT = −�T
D

2
v0 − �TDv1 cos

�

4
= − �TDv0f2(�)

(10)

PV = cu ⋅ AE ⋅ v0 + cu ⋅ EO ⋅ v1 cos� + cu ⋅ EQ ⋅ v01 cos�

=cuDv0

[

C

D
+ f3(�)

]

(11)P� + PT = PV

(12)�T =
P� − PV

Dv0f2(�)

(13)
N =

�S − �T + �(C + D∕2)

Cu

=
�D

[

f
2
(�) − 2f

1
(�)

]

Cu ⋅ 2f2(�)
+

C

Df
2
(�)

+
�C

[

f
2
(�) − f (�)

]

Cuf2(�)
+

f
3
(�)

f
2
(�)

Fig. 14   Velocity field corresponding to failure mechanisms 2 and 3
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when � = 1. The reason is that the mechanisms presented 
by Sloan and Assadi (1993) and Osman et al. (2006) do not 
take the soil arching effect into consideration. However, the 
existence of soil arching greatly reduces the value of �T . 
Therefore, the existing researches overestimate the �T.

Figure 16 shows the relationship between N and C/D. 
The solutions of failure mechanism 1 and 2 are all less than 
6 with C/D = 1. In addition, the stability ratio N of failure 
mechanism 1 is close to the upper-bound solutions obtained 
by Davis et al. (1980) and Klar et al. (2010), but N of failure 
mechanism 2 is slightly larger. The possible reason is the 
circular tunnel is equivalent to a square tunnel when the 
limit support pressure is calculated by failure mechanisms 

presented in this paper, and the square tunnel is prone to 
stress concentration, which makes the structure unsafe and 
the stability coefficient N larger. The stability ratio N of fail-
ure mechanism 3 is equal to 6.1, which is quite different 
from the upper-bound solutions presented by Davis et al. 
(1980) and Klar et al. (2010). The reason is that when con-
structing failure mechanism 3, the influence of soil arching 
effect is considered. The existence of soil arching prevents 
the failure from propagating to the surface. Thus, the limit 
support pressure is smaller, and the stability ratio N will be 
larger.

In order to analyze the influence of different low moisture 
contents on the face stability in sand more intuitively, the 

Fig. 15   Comparison of stability bounds for circular tunnel with 
C/D = 1

Fig. 16   Relationship between stability ratios and cover depth

Fig. 17   Influence of different low moisture contents on face stabil-
ity: a relationship between �t and moisture content; b relationship 
between N and moisture content
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relationship between stability solutions and moisture content 
is drawn (see Fig. 17).

Figure 17 shows that, with the increase of the moisture 
content, �T decreases and stability ratio N becomes larger. 
When � = 9.3% , the limit support force is negative; that is 
to say, the tunnel face can be stable without support. Owing 
to the increase of moisture content, the apparent cohesion of 
sand increases, and soil arching effect plays a more signifi-
cant role in keeping the sand stable, which also makes the 
limit support pressure far less than the initial value. It can 
also be inferred that, when the soil arching effect is consid-
ered, the stability ratio N of shield tunnel in sand with low 
moisture content is higher than the critical value of N in 
cohesive soils proposed by Davis et al. (1980)

Conclusions

In order to obtain the variation laws of face support pres-
sure, ground settlement, and vertical earth pressure in 
unsaturated sand, large-scale geo-mechanical model tests 
of shield tunnels in sands with different low moisture con-
tents ( � = 1.43%, 5.24%, and 9.3%) were undertaken. The 
failure mechanisms under three different moisture contents 
( � = 1.43%, 5.24%, and 9.3%) were constructed considering 
arching effect. Compared with the existing researches, the 
proposed failure mechanisms are more suitable to practical 
projects. The main conclusions are as follows:

(1)	 The moisture content has a significant influence on fail-
ure mechanisms, limit support pressure, and the evolu-
tion of soil arching effect when C/D = 1. The ratios of 
Pu

/

P0 gradually reduce with the increasing moisture 
content, which are 0.5 ( � = 1.43%), 0.3 ( � = 5.24%), 
and 0.26(� = 9.3%), respectively. This shows within a 
certain range of moisture content, the soil arching effect 
is more significant in maintaining the face stability with 
the moisture content being higher, and the existence of 
soil arching makes limit face support pressure much 
smaller than the initial support pressure.

(2)	 The curves of ground settlement corresponding to sands 
with different low moisture contents are various. With 
the increasing moisture content, the settlement trough 
is wider, and the settlement value at the center of settle-
ment trough is smaller. Within a certain range of mois-
ture content, there is a linear relationship between the 
width coefficient of settlement trough and the moisture 
content.

(3)	 Higher moisture contents lead to the larger area where 
vertical stress concentration ratio, � , changes, which 
means the soil arching has a larger influence area. 
When the moisture content is relatively low, the fail-

ure zone propagates to the surface, and the soil arching 
effect disappears; when � = 9.3%, the soil arching is not 
destroyed, and the distance from arch crown to ground 
surface is about 0.2 ~ 0.25 D.

(4)	 Stability solutions calculated by failure mechanisms 1 
and 2 are close to those obtained by existing researches. 
For failure mechanisms 3, the �t is smaller than that 
obtained by existing methods, and the stability ratio is 
larger than that of existing researches. Because the con-
struction of failure mechanisms 3 involves the soil arch-
ing effect. It can also be inferred that, when considering 
the soil arching effect, the stability ratio N of shield 
tunnel in sand with low moisture content is higher than 
the critical value of N in cohesive soils proposed by 
Davis et al. (1980).
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