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Abstract: A novel horizontal trap-door test system was devised in this study to analyze the face stability of shield 
tunnels in sands. The test system can be used to investigate both the longitudinal and cross sections of the face failure 
simultaneously at one single apparatus and was employed to perform face stability tests on small-scaled tunnel models 
at single gravity. The lateral support pressures and failure zones were studied with varying sand materials and earth 
covers. The results demonstrate that the tunnel face moves back, the lateral active earth pressure on the tunnel face 
decreases rapidly to a residual value, and the lateral pressure distribution can be categorized into three stages during the 
failure process: 1) initial state; 2) pressure dissipation stage; and 3) pressure zone diminution stage. Furthermore, face 
failure firstly develops from a stable condition to the local failure state, and then continues to develop to the global 
failure state that can be divided into two sub-zones with different failure mechanisms: rotational failure zone (lower 
zone) and gravitational failure zone (upper zone). Further discussion shows that under the effects of soil arching, the 
shape of the gravitational failure zone can adopt arch shaped (most frequent) and column shaped (in shallow tunnels). 
Limit support pressure for face stability usually appears at δ/D=0.2%−0.5% (ratio of face displacement to tunnel 
diameter). 
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1 Introduction 
 

    Shield machines (slurry or EPB shield) are 
widely used in tunnel construction for the 
development of subways system in cities. During 
shield excavation, sufficient support pressure must 
be prescribed to counteract water and earth pressure 

[1]. Otherwise, the tunnel face, particularly for 
shallow tunnels in sand, will become unstable or 
even collapse, threatening urban transportation 
systems and buildings [2, 3]. Thus, to ensure the 
construction safety of shield tunneling, face 
stability analysis is essential in revealing tunnel 
face failure mechanisms and predicting the limit 
support pressure. 
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    Theoretical models for tunnel face stability 
have been developed, including the wedge-prism 
model [4−10], log-spiral model [11], multi-block 
model [12−18]. The failure zone of the wedge- 
prism model [19], as shown by the red line in 
Figure 1(a), is assumed as a sliding wedge loaded 
by a prism. The circular tunnel face is simplified as 
a rectangle with the same area, while it is assumed 
to be an ellipse with a smaller area in the 
multi-block model [13]. The sliding wedge of the 
multi-block model (shown by the blue line in 
Figure 1(a)) does not reach the crown of the tunnel 
as wedge-prism model, but instead turns back. The 
resulting failure zone thus shrinks as the failure 
surface climbs up to ground. The slip face of the 
log-spiral model [11] is assumed as a log-spiral 
shape, as shown in Figure 1(b). Soil arching is 
considered above the tunnel crown, and Terzaghi’s 
arching theory [20] is employed for the face 
stability analysis. However, it is only a 
two-dimensional model and cannot describe the 
failure zone fully. In contrast, the rotational failure 
model [21] is a three-dimensional model. Two 
log-spiral faces are employed, and the full circular 
tunnel face is considered in this model. Above all, 
the assumptions of slip surfaces or failure zones in 
these four theoretical models are different. As a 
result, the prediction results obtained with the four 
theoretical models are different. Therefore, the 
failure zones (or failure surfaces), which have not 
been unified by previous literatures, will be further 
investigated in this paper. 
    Physical model test plays an important role in 
face stability analysis. KIRSCH [22], IDINGER  
et al [23], BERTHOZ et al [24] investigated face 
failure mechanisms relying on longitudinal sections 

of the failure zone, whereas HAGIWARA et al [25] 
and LEE et al [26] studied failure mechanisms from 
the cross section of the failure zone. However, tests 
including both longitudinal and cross sections of the 
failure zone are rarely performed, and hence the full 
failure zone of the tunnel face fails to be revealed 
accurately. CHEN et al [27] performed a series of 
3-D large-scale model tests on a tunnel with a 
diameter of 1 m, and a total of 48 earth pressure 
cells were installed in both the longitudinal and 
cross sectional directions to monitor the 
redistribution of the earth pressure during the 
failure process of tunnel face. The test delineated 
the boundaries of the soil-arching zone; however, 
observation windows were not installed, and thus 
neither the slip surfaces nor failure zone was 
observed. Because most of the available theoretical 
models rely on an assumption of the failure zones 
[5, 11, 13, 21, 28], it is of great significance to 
reveal the failure zone of a tunnel face from both 
the longitudinal and cross sections through tests. 
    In this study, horizontal trap-door tests were 
performed to extrapolate the failure zone during the 
process of face collapse. The tests were carried out 
with small-scale models at a single gravity. Both 
longitudinal and cross sections of the face failure 
zone were recorded simultaneously through two 
observation windows. The longitudinal section was 
modeled by a semi-cylinder with a semi-piston 
while the cross-section was simulated using a full 
cylinder with a piston. They were placed in one 
apparatus to allow the stress conditions to be 
controlled simultaneously. Both the failure zones 
and lateral earth pressure were investigated with a 
series of sand materials and earth covers. The 
failure mechanisms and support pressures of the 
tunnel face were also discussed. 

 

 
Figure 1 Four models for face stability analysis in previous literatures: (a) Multi-block shape; (b) Log-spiral shape 



J. Cent. South Univ. (2021) 28: 866−881 

 

868

 

 
 
2 Test materials and experimental set up 
 
2.1 Testing system and instrumentation 
    The horizontal trap-door method is employed 
for tests of the face stability during shield tunneling, 
as shown in Figure 2(a). Trap-doors are utilized in 
both Model A and Model B. Model A is intended to 
model the longitudinal-section of the tunnel while 
Model B is used to model the cross-section of the 
tunnel. The two model tunnels are placed within a 
single chamber, located at the same elevation 
(Figure 2(b)), and loaded using the same loading 
apparatus to ensure they are under the same stress 
environment. A coupling is installed connecting 
Models A and B to achieve synchronous movement 
of the model tunnel faces. Therefore, the observed 

soil displacements in the longitudinal and cross 
sections of the failure zones in front of the tunnel 
faces can represent the conditions for one tunnel. 
The failure zone can then be described and derived 
from the observed soil displacements. 
    The test system for Model A and Model B 
includes a chamber with internal dimensions of  
1.0 m×1.5 m×1.5 m. Figures 2(a)−(c) show the 
location of Model A and Model B within the 
chamber. Model A is composed of a semi-tunnel 
model with a semi-cylinder and a semi-piston. The 
semi-piston, which plays the role of the tunnel face, 
is made of a steel semi-disk mounted on a 
horizontal steel rod. The semi-cylinder has an 
internal diameter of 300 mm and is installed close 
to the side wall at the corner of the chamber (as 
shown in Figure 2(c)). This wall is made of acrylic 

 

 
Figure 2 Layout of test system for face stability of shield tunnel: (a) Isometric view; (b) x-z plan view; (c) M-M section   

(Unit: mm) 
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to allow for observation of the longitudinal 
displacement of soil layers in front of the tunnel 
face. 
    Model B is composed of a model tunnel with a 
cylinder and a piston. Similarly, the piston playing 
a role of tunnel face is constructed of a steel disk 
mounted on a horizontal steel rod. The cylinder has 
the same diameter and is installed in the bottom 
center of the other acrylic wall (Figures 2(a)−(c)). 
The distance from the center of the cylinder to the 
parallel sidewalls is 750 mm, which is 2.5 times the 
tunnel diameter. 
    Model B is placed parallel to Model A, and 
Model A is pulled forward by 300 mm to avoid 
interaction between Model A and Model B. A 
coupling using manual lead screws ensures the 
models to move simultaneously. The displacement- 
controlled loading scheme can achieve a minimum 
loading step of less than 0.05 mm. 
    The stress environment of Models A and B is 
supplied by a loading plate. The loading plate is 
installed on the top wall of the chamber, which is 
reinforced with side ones composed of eight steel 
beam channels (Figure 2(a)). These eight steel beam 
channels are fixed on the rigid bottom plate. The 
two plates and eight steel beam channels are 
composed into the loading apparatus, as shown in 
Figure 2(a). 
    A scale with amplitude of 1 mm is printed on 
the two acrylic walls to indicate the amplitude of 
the soil displacements. A total of 37 pressure cells 
are uniformly installed on the tunnel face of Model 
B to measure the spatial distribution of the earth 
pressure, as shown in Figures 3(a) and (b). The total 
earth pressure can also be obtained from a force 
transducer installed behind the tunnel face. An 
additional four force transducers and a loading plate 
are installed on the loading apparatus. The force 
transducers and pressure cells are all channeled to 
an integrated instrument acquisition and computer 
analysis system. 
 
2.2 Soil preparation and tests procedure 
    Fine sand and silty sand from Yellow River in 
China are used for the tests. The sands are sieved, 
washed and then oven dried to form a uniform 
ground. The grain size distributions of the fine sand 
and silty sand are presented in Figure 4, where Cu is 
the nonuniformity coefficient, Cc is the curvature 
coefficient, d50 is the particle size with cumulative 

 

 
Figure 3 Pressure cells distributions on tunnel face in 

Model B: (a) Position; (b) Photograph 

 

 
Figure 4 Grain size distributions of sands employed for 

tests 

 
distribution of 50%. 
    The average grain sizes of the fine sand and 
silty sand are 0.38 and 0.27 mm, respectively. 
Grains with a diameter less than 0.075 mm are 
removed through water washing. The specific 
gravity, bulk density, and void ratio of the fine sand 
are 2.56, 16.5×103 kN/m3 and 0.55, respectively, 
while those of the silty sand are 2.48, 16.0×     
103 kN/m3 and 0.55, respectively. Triaxial tests 
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were carried out with the reconstituted sands to 
obtain shear strength parameters, as shown in 
Figures 5(a) and (b). From the triaxial tests and 
using Mohr-Coulomb criteria, the peak values of 
the friction angle and cohesion for the fine sand are 
37.5° and 0 kPa, respectively, while those for the 
silty sand are 34.1° and 5.2 kPa, respectively. 
 

 
Figure 5 Stress−strain relationships of triaxial tests for 

sands: (a) Fine sand; (b) Silty sand 

 
Tests are carried out with series of earth 

covers and varying sands. The test cases are 
summarized in Table 1. The stress environment of 
the model tunnels was achieved with the loading 
plate at   200 kPa. Using the prepared materials, 
each test is performed with the following 
procedures: 

1) Sand dyeing. A portion of the sand is dyed 
using red ink and then dried to indicate layers in 
sand. 
    2) Ground formation. The ground is formed 
using the sand raining method. Thin, colored sand 
layers (approximately 10 mm thick, dyed with red 
ink) were placed at intervals of approximately   
80 mm to observe the face failure development, as  

Table 1 Series of tunnel face stability tests 

Group Cover-to-diameter ratio, C/D Soil type 

1 

0.5 

Silty sand 
1.0 

1.5 

2.0 

2 
0.5 

Fine sand 
1.0 

 

 
Figure 6 Sand ground formation 

 
shown in Figure 6. 

3) Initialization of the pressure cells and force 
transducer. The loading apparatus is slung up and 
the force transducer and pressure cells are 
initialized. 
    4) Installation of the loading apparatus. The 
loading plate and top wall are installed by fixing the 
top wall to side ones to ensure that it can resist the 
forces from the loading plate. 
    5) Modeling of the stress environment. A 
stress environment of 200 kPa for the sand ground 
is simulated through uniform pressure produced by 
the loading plate. The test loading pressure is 
measured and controlled by the force driving 
devices and transducer. 
    6) Model tests. Model tests are performed by 
moving the stiff disks backwards via rotation of the 
hand wheel. The stroke of the manual lead screws is 
set to be 0.3 mm/round. Thus, the stiff disks are 
moved back 0.05 mm through a 1/6 rotation of the 
hand wheel. An observation period of 3 min is used 
between two constitutive movements of the hand 
wheel to record measurements from the pressure 
cells and the soil displacements. This test process is 
repeated until the lateral pressure of the tunnel face 
decreases to a residual value. At this point, a total 
of 3 rotations of the hand wheel are carried out to 
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observe the soil displacements, which represent the 
failure zone of the face collapse. 
    7) Replacement of the soil. The soil in the 
chamber is replaced with other soil materials for the 
next test.  

Steps 2)−7) are then repeated until the tests are 
finished. 
 
3 Experimental results 
 
3.1 Earth pressure and distribution 
3.1.1 Earth pressure 
    The lateral active earth pressures on the model 
tunnel face during its moving backward are 
recorded by pressure cells and a force transducer. 
Figure 7 shows the average lateral earth pressure 
versus the displacement of the tunnel face, δ, for 
silty sand and fine sand with cover-to-diameter 
ratios, C/D=0.5, 1.0. As the tunnel face moving 
back, the earth pressure drops sharply until the face 
displacement reaches 2.0 mm. Then, it diminishes 
to values of 1.2−4.6 kPa when the face 
displacement exceeds 10 mm. The lateral earth 
pressure varies not obviously with earth cover, as 
shown in Figure 8. Their small observed differences 
are irregular owing to the strength of sands and soil 
arching (it is discussed later in this paper). 
 

 
Figure 7 Earth pressure versus drawing back 

displacement for series of sands and earth covers 

 

3.1.2 Earth pressure distribution 
    The earth pressure distribution on the tunnel 
face is investigated using a total of 37 pressure cells 
(Figure 3). Figures 9 and 10 show the earth 
pressures along the vertical and horizontal center 
lines of the tunnel face with varying face 
displacements (the pressure cell at point A4 failed). 

 

 
Figure 8 Earth pressure versus drawing back 

displacement for series of earth covers 

 

 
Figure 9 Earth pressures in vertical center of tunnel face 

versus its displacement 

 

 
Figure 10 Earth pressures in horizontal center of tunnel 

face versus its displacement 

 
These results are from the test with silty sand at 
C/D=2.0. The earth pressures still decrease abruptly 
to residual values. However, the earth pressure on 
the center of the face decreases more slowly than 
those on the other locations as the face 
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displacement exceeds 0.2 mm (as shown in  
Figures 9 and 10). 
    In the initial state, the earth pressure along the 
vertical center line of the tunnel face distributes 
irregularly, as shown in Figure 9. Point B4 exhibits 
the largest value owing to the surcharge. However, 
Point C4 does not exhibit the second largest value, 
which may be affected by soil arching. Even along 
the horizontal center line, the earth pressures still 
distribute non-uniformly because of non-uniform 
stress distribution of the sands [29, 30]. The stress 
environment and accuracy of the pressure cells also 
have some efforts on the differences of the earth 
pressures. As the tunnel face is drawn back, the 
earth pressures near the center decrease more 
slowly and are greater than those on the other 
locations, such as Points D3, D4, D5, and E4 shown 
in Figures 9 and 10. 
    The dissipation trend of the earth pressure 
distribution is also investigated by considering the 
full face pressure cells. Using Newton’s 
interpolation method, the earth pressure distribution 
can be obtained from the 37 pressure cells placed 
on the tunnel face. The earth pressure decreases to 
the residual values when the face displacement 
reaches 1.0 mm (as shown in Figures 7−10). Thus, 
face displacement levels of δ=0.0, 0.5 and 1.0 mm 
are chosen for further analysis. 
    Figure 11 shows the earth pressure distribution 
at face displacements of 0.0, 0.5 and 1.0 mm in silty 
sand with C/D=1.0. For δ=0.0 mm, the initial earth 
pressure field exhibits an irregular distribution with 
larger amplitudes near the side of the tunnel face 
(seen in Figure 11(a)); for δ=0.5 mm, the earth 
pressure decreases significantly from 180 to 40 kPa, 
particularly on the side of the tunnel face, as shown 
in Figure 11(b); for δ=1.0 mm, the earth pressure 
decreases to the residual values (in Figure 11(c)), 
and the residual amplitudes are mostly concentrated 
at the lower part of the tunnel face. For C/D=2.0, 
the initial earth pressure is distributed more 
non-uniformly (in Figure 12(a)). However, the 
same trend in the lateral earth pressure on the tunnel 
face can be still observed (Figures 12(a)−(c)). 
Variations in the lateral earth pressure field follow 
the similar trends, as summarized below. 
    1) Initial pressure state 
    The lateral active earth pressure is distributed 
irregularly on the tunnel face. Though, compared 
with the later stages of the tunnel face movement, it 

 

 
Figure 11 Earth pressure fields on tunnel face for 

different face displacements with C/D=1.0: (a) δ=    

0.0 mm; (b) δ=0.5 mm; (c) δ=1.0 mm 

 

distributes more uniformly in general, which is 
close to the at-rest lateral pressure, as shown in 
Figure 13(a). 
    2) Sharp pressure decrease 
    The lateral pressure on the tunnel face 
decreases significantly with small displacements of 
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Figure 12 Earth pressure fields on tunnel face for 

different face displacements with C/D=2.0: (a) δ=0.0 mm; 

(b) δ=0.5 mm; (c) δ=1.0 mm 

 

the tunnel face (in the range of δ=0.0−0.5 mm), as 
shown in Figure 13(b). This appears especially on 
the side of tunnel face rather than in the center. 
    3) Pressure zone diminution 
    The lateral pressure on the tunnel face 
decreases further, with the pressure zone minified  

 

 
Figure 13 Trend of earth pressure distribution: (a) Initial 

value; (b) Pressure dissipation; (c) Zone diminution 

 

(in the range of δ=0.5−1.0 mm). The lateral 
pressure on the upper half of the tunnel face mostly 
dissipates as the displacement amplitude exceeds 
1.0 mm, as shown in Figure 13(c). 
    The earth pressure distribution on the tunnel 
face is similar to the earth pressure distribution on a 
vertical retaining wall. With displacement of the 
tunnel face, the active earth pressure will drop 
significantly to a residual value. With the limit 
displacement (δ=0.0−1.0 mm), the active earth 
pressure distributes mainly on the lower half part of 
the tunnel face, as presented in Figure 13. 
 
3.2 Soil settlements and failure zone 
    Longitudinal and cross sections of the failure 
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zone can be sketched using the colored layer lines 
[31−33] with the shear band depicted by the 
over-stretched regions of these lines [31]. Thus, 
colored layer lines were employed to investigate 
soil settlement, which indicates the face failure zone. 
Both longitudinal and cross sections of the tunnel 
were observed as tunnel face was drawn back. The 
soil settlements were recorded at face displacement 
intervals of 0.05 mm until the total displacement of 
2.0 mm was reached. Then, soil settlements were 
recorded at face displacement intervals of 0.9 mm 
until a total displacement of 38.0 mm was reached. 
Figure 14 shows the soil settlements by dyed layers 
at three different face displacements. The dyed 
layers had a thickness of approximately 10 mm. 
However, the dyed layers were fully depicted only 
for face displacement level of 21.7 mm. For the 
other two face displacements, the thickness of the 
dyed layers was ignored and the middle height of 
the dyed layer was employed as a dyed line. 
    For the dyed lines shown in Figure 14, before 
the face displacement reached 2.9 mm, soil 
settlements were not visible, as indicated by the 
blue dashed lines in Figure 14. As face 
displacement reaches 12.7 mm, soil settlements can 
be described, as shown by the magenta dashed lines 
in Figure 14. When face displacement reached  

21.7 mm, the soil settlements were obviously, as 
shown by the red dashed lines in Figure 14. Thus, 
soil settlements can be divided into three stages:   
1) no visible displacement (δ/D=0.0%−1.0%), in 
which the soil layers exhibit no visible 
displacements; 2) local displacements (δ/D=1.0%− 
4.2%), in which the soil settlements are distributed 
around the tunnel with small values (centimeter 
level); and 3) global displacements (δ/D>4.2%), in 
which soil displacements were clearly observed at a 
face displacement of 21.7 mm, and extend almost 
through the full stratum. 
    However, parts of the dyed lines were stable as 
the face displacement developed from 2.9 to   
21.7 mm. Settlements only occurred in the soil 
ground located near the tunnel. The settlements of 
the dyed lines indicate the propagating zone of the 
face collapse. In addition, the dyed layers reveal 
additional details of this process. Portions of dyed 
lines are stretched thinner, which can be considered 
areas of shear failure. These portions of shear 
failure points can then be considered a slip face of 
the soil, as shown in Figure 14. The zone 
surrounded by the slip face is recognized as the 
failure zone of the soil layers. Therefore, failure 
zones occur simultaneously with soil settlements. 
Similar to the soil displacements, the failure process  

 

 
Figure 14 Settlement fields of slity sand with face displacement 
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of tunnel face can also be divided into three stages: 
    1) Stable condition (δ/D=0.0%−1.0%). Soil 
layers remain in a stable condition without visible 
deformation or failures. 
    2) Local failure (δ/D=1.0%−4.2%). The soil 
displacements around the tunnel have small 
amplitudes (in centimeter level). A slip surface 
forms at the tunnel face, which progressively 
propagates towards the ground surface (without 
necessarily reaching it). Local soil failure occurs. 
    3) Global failure (δ/D>4.2%). The soil 
displacement field extends almost through the full 
stratum and sometimes up to the ground face. The 
global failure occurs. The cross and longitudinal 
sections of the global failure zone can be described 
by an ellipse and a semi-ellipse, respectively 
(Figure 14). 
    Global failure zones were investigated with 

various earth covers and sand materials at a face 
displacement of 21.7 mm. Figure 15 shows the 
global failure zones of silty sand with varying 
cover-to-diameter ratios. The slip surface becomes 
slightly steeper and the failure zone becomes taller 
as cover-to-diameter ratio increases from 0.5 to 1.0 
then to 1.5, respectively. However, the failure zone 
shrinks as earth cover-to-diameter ratio continues to 
increase from 1.5 to 2.0. This might suggest the 
formation of soil arching. Global failure zones for 
the silty sand and fine sand with C/D=1.0 are 
compared in Figure 16. The fine sand with greater 
shear strength exhibits a steeper slip face; while the 
global failure zone is narrower and the settlements 
extend to the ground. Thus, soil arching has not 
formed. 
    Comparing Figures 15 and 16, the longitudinal 
and cross sections of the failure zones for the two 

 

 
Figure 15 Settlements fields of silty sand in series of earth covers 
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Figure 16 Settlements fields of fine sand and silty sand with C/D=1.0 

 

types of sand show the largest differences. However, 
the longitudinal sections of failure zones with 
different cover-to-diameter ratios are similar. 
Comparing Figures 14−16, the longitudinal-section 
of the failure zone resembles a chimney, and is 
approximately described by a semi-elliptical shape, 
while the cross-section of the failure zone can be 
fitted with an elliptical shape. The slip surface 
propagates upward away from the bottom of tunnel 
face until it reaches the crown of the tunnel, at 
which point it curves back as an arch on the tunnel 
and soil. However, soil arching may not always 
form, in which case, a funnel up to the ground 
forms (in Figures14 and 16). Thus, the shape of the 
failure zone can be summarized as two types: 1) a 
slip zone with an arching shape, and 2) a slip zone 
with a funnel shape, as shown in Figure 17. 
 
4 Discussions 
 
4.1 Soil arching 
    Trap-door tests [34, 35] suggest that the shape 
of the soil arching evolves from an initially curved 
shape to a triangular shape and eventually to a 

 

 
Figure 17 Longitudinal and cross profiles of global 

failure zone 

 
rectangular shape during inclusion settlement 
relative to the ground, as shown in Figure 18. This 
failure process can be also employed for the face 
stability analysis. Tunnel face stability has typically 
been investigated with horizontal trap-door tests [22, 
26, 27]. During these tests, tunnel faces with 
insufficient supporting pressure are usually 



J. Cent. South Univ. (2021) 28: 866−881 

 

877

 

 

 
Figure 18 Skech of arching mechanisms above a 

trap-door [34] 

 
modeled with a trap-door moving back. However, 
the displacement of the tunnel face, which ranges 
from approximately about 5% to 10% of the 
diameter of the tunnel, is relatively small. Thus, the 
failure zone beneath the arch is typically a curved 
arching shape. 
    However, the value of C/D affects the shape of 
the arching [35]. A sufficient earth cover of the 
tunnel is necessary for the formation of soil arching. 
For deep tunnels, an arch and a small failure zone 
form near the tunnel crown; while for shallow 
tunnels, such as C/D<1.5, the arching affects a 
rectangular-shaped failure zone localized on the 
whole tunnel (shown in Figure 19). 
 

  
Figure 19 Skech of C/D effects on soil arching 

mechanism [35] 

 

    Thus, two types of failure zones result from 
the effect of soil arching: 1) an arch-shaped failure 
zone. Soil arching is a common phenomenon during 
tunnel excavation (Figure 20(a)), particularly in a 
sandy ground and was observed from the tests in 
this study, as shown in Figures 16−18; 2) a 
rectangular-shaped failure zone. Shallow tunnels 
(such as those with C/D<1.5) usually form 
rectangular shaped failure zones (Figure 20(b)). 

 

 
Figure 20 Soil arching efforts on failure zone above 

tunnel crown: (a) Soil arching failure zone;          

(b) Rectangular shape failure zone 

 
Funnel-shaped failure zones were also observed in 
the tests in this study, as shown in Figures 15, 16 
and 18. 
 
4.2 Face failure mechanism 
    The colored layer lines can be employed to 
depict the failure zone. However, additional details 
of the failure zone have not been observed, such as 
the shear strains, shear bands/failures, and 
horizontal displacements of the soil. These 
parameters can be investigated using particle image 
velocity (PIV) [36] to describe the failure zone 
more clearly and accurately [35, 37]. 
    However, the lateral sliding trend of the failure 
zone was described by MURAYAMA et al [11] and 
MOLLON et al [21] as a log-spiral shape, which 
induces a rotational failure mechanism. As 
log-spiral failure surfaces can satisfy the flow rule 
or normality condition [38], they are more critical 
in theoretical analyses. Usually, the log-spiral can 
be described as follows: 
 

0 cexp( tan ),   (0, ]r r                       (1) 
 
where, 
 

0 c c/[sin( ) exp( tan ) sin ]r D                  (2) 
 
and φ is the friction angle of soil and θc=π/4−φ/2. 

Thus, the shape of the failure zone can be 
determined from the tunnel diameter D and friction 
angle φ. The theoretical failure shape is compared 
with the experimental results for a tunnel face in 
silty sand, as shown in Figure 21, where O is the 
rotational center. The log-spiral failure shape is 
similar to the experimental failure shapes both in 
trend and magnitude. Thus, a rotational failure 
mechanism was detected in this study. 
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Figure 21 Log-spiral failure face vs experimental failure 

faces in silty sand 

 

    There is a rotational failure trend in the soil 
ahead of the tunnel face, and the failure zone ahead 
of the tunnel face surrounded by the failure surface 
exhibits a trend of lateral sliding. However, the 
failure zone above the tunnel crown does not have a 
rotation failure trend, but rather exhibits a gravity 
failure trend with soil arching, as shown in   
Figure 20. The failure zone of the tunnel face can 
thus be divided into two sub-zones with different 
failure mechanisms as follows: 
    1) Lower zone 
    The lower sub-zone forms mainly as a result of 
the insufficient support pressure. Soil within this  

zone has a tendency to rotate owing to the lateral 
earth pressure action on the soil and its gravity. 
Thus, the lower failure zone is primarily formed 
through shear failure, and there exists friction on 
the slip surface, as shown in Figures 22(a) and (b). 
The slip surface forms a lateral slip zone. This 
sub-zone can alternatively be termed as the 
rotational failure zone. 
    2) Upper zone 
    Typically, a vault forms above the rotational 
failure sub-zone owing to soil arching. There is no 
friction on the slip face of this zone, as shown in 
Figure 22(a). However, if the earth cover is thin, a 
rectangular-shaped collapse of the tunnel face may 
spread to the ground. This rectangular-shaped 
failure causes fiction on the slip face (seen in  
Figure 22(b)), which can be described by 
Terzaghi’s theory [20]. These two types of failure 
occur mainly due to soil gravity. This failure zone 
can be named as the gravitational failure zone. 
    These two sub-zones are developed with 
different failure mechanisms. However, they are in 
contact with each other through geometric and 
mechanical relationships. The geometric bottom of 
the upper sub-zone is primarily determined by the 
lower sub-zone, while the stability of the lower 
sub-zone is affected by the gravity of the upper 
sub-zone. 
 
4.3 Critical state and limit support pressure 
    The horizontal trap-door was employed to 
investigate the collapse process of tunnel face in 

 

 
Figure 22 Failure mechanisms of circular tunnel face: (a) Failure zone with soil arching; (b) Failure zone with soil 

column 
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this study. The support pressure of the tunnel face, 
σc, is equal to the earth pressure acting on the tunnel 
face. Figure 23(a) shows the variation of 
normalized support pressure (ratio of σc to γD, 
where γ is the bulk density of sand) with normalized           
displacement (ratio of δ to D). In Figure 23(b), σc is 
normalized by the initial support pressure σc0 to 
evaluate the relative reduction of the initial support 
pressure. 
 

 
Figure 23 Normalized support pressure (a) and relative 

support pressure (b) with normalized drawing back 

displacement (normalized load-displacement curve) 

 
    The normalized/relative load−displacement 
curve decreases sharply just or at least partially due 
to soil arching, as shown in Figures 23(a) and (b). 
However, it decreases slowly or even increases at 
approximately δ/D=0.30%−0.50% for silty sand 
with C/D=0.5 and 1.0, respectively, which is 
referred to as the inflection point in this paper. This 
inflection point may suggest the critical state that 
the stable soil layers become unstable. The support 
pressure at inflection point could be regarded as the 
limit support pressure. For fine sand, inflection 
point appears at approximately δ/D=0.43%−0.50% 

for C/D=0.5 and 1.0, respectively. 
    The relative load−displacement curves are also 
compared with those from previous tests [22, 27], 
as shown in Figure 24. Inflection point appeared at 
approximately δ/D=0.20% in the tests carried out 
by CHEN et al [27], while about δ/D=0.50%− 
0.53% for the tests performed by KIRSCH [22]. 
Thus, the limit support pressure usually appears at 
δ/D=0.20%−0.50%. 
 

 
Figure 24 Comparisons of relative load-displacement 

curves between previous tests [22, 27] and tests in this 

work 

 
5 Conclusions 
 
    This study has devised a novel test system for 
conducting face stability tests. With this system, 
both the longitudinal and cross sections of the face 
failure can be investigated simultaneously and 
observed with two separate observation windows in 
a single apparatus. The test system is used to 
perform face stability tests for a scaled tunnel 
model at a single gravity using horizontal trap-door 
method. Failure zones and lateral earth pressures 
(support pressures) are investigated using various 
sand materials, and earth covers. The conclusions 
drawn from this study are summarized below. 
    1) The lateral active earth pressure decreases 
abruptly to the residual value with increasing 
displacement of the tunnel face. The earth pressure 
at the center of the tunnel face center decreases 
more slowly than that at other locations. With 
increasing displacement of the tunnel face, the 
lateral pressure distribution field can be categorized 
into three failure process stages: the initial pressure 
state, which is closed to the at-rest lateral pressure 
conditions, with irregular earth pressure  
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distribution; the abrupt pressure change stage, in 
which the lateral pressure decreases significantly 
with small displacements of the tunnel face; and the 
pressure zone diminution stage, in which the 
pressure zone decreases with decreasing lateral 
pressure. 
    2) As the tunnel face is moved back, the 
failure zone can be categorized into three stages: 
stable conditions (δ/D=0.0%−1.0%), in which the 
soil layers remain in an elastic condition without 
visible deformation or failure; the local failure state 
(δ/D=1.0%−4.2%), in which the soil displacements 
distributed around the tunnel have small  
amplitudes, and local soil failure occurs; and the 
global failure state (δ/D>4.2%), in which the soil 
displacement field expands through almost the full 
stratum, and global failure occurs. 
    3) The failure zone can be divided into two 
sub-zones with different failure mechanisms: the 
rotational failure zone (upper zone) and 
gravitational failure zone (lower zone). Under the 
effects of soil arching, two failure zone shapes are 
revealed: arch-shaped (most common) and 
column-shaped (in shallow tunnels). 
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中文导读 
 

砂土地层盾构掘进面失稳区的水平活板门模型 
 
摘要：本文设计了一种新型的水平活板门试验装置。该试验装置可以用于砂土地层盾构隧道开挖面稳

定性分析。该试验系统可以同时研究工作面破坏的纵断面和横截面。本文使用该装置在单重力条件下

对小型模型隧道进行了开挖面稳定性试验，研究了不同砂土材料和覆土厚度条件下的侧向土压力和破

坏区域。结果表明，随着开挖面的向后移动，开挖面上的主动土压力迅速下降至残余值。同时在破坏

过程中，侧向土压力分布可分为三个阶段：1)初始状态阶段；2)压力减小阶段；3)压力区减小阶段。

此外，开挖面破坏首先从稳定状态发展到局部破坏状态，然后继续发展到整体破坏状态。整体破坏状

态的失稳区域可分为旋转破坏区(下部区域)和重力破坏区域(上部区域)。这两个区域具有不同破坏机

制。进一步讨论表明，在土拱效应下，重力破坏区的形状可分为拱形(最常见)和柱形(浅埋隧道)。开

挖面稳定的极限支护压力一般出现在 δ/D=0.2%～0.5%(掌子面位移与洞径之比)。 
 
关键词：开挖面稳定性；活板门试验；侧向土压力；失稳区域；土压力；砂土 


