o.)

Check for
updates

Ko [ Sme]

Available online at www.sciencedirect.com

ScienceDirect

Underground Space

Underground Space 22 (2025) 39-54 Ve
www.keaipublishing.com/undsp

Research Paper

Model test on the effects of shield machine cutterhead vibration
on tunnel face stability in sandy ground

Meng-Bo Liu*®, Jun-Hua Xiao®, Shao-Ming Liao >*, Zhi-Yong Liu?, Jun-Zuo He",
Yan-Qing Men ¢, Jia-Cheng Sun "

& Key Laboratory of Road and Traffic Engineering of the Ministry of Education, Tongji University, Shanghai 201804, China
® Department of Geotechnical Engineering, Tongji University, Shanghai 200092, China
¢ Key Laboratory of Geotechnical and Underground Engineering of the Ministry of Education, Tongji University, Shanghai 20092, China
d Jinan Rail Transit Group Co., Ltd., Jinan 250101, China

Received 10 March 2023; received in revised form 23 March 2024; accepted 21 April 2024
Available online 30 August 2024

Abstract

Face stability is one of the essential problems in shield tunneling. When tunneling in cobble stratum or mixed face ground conditions,
significant cutting-induced cutterhead vibration would occur and affect the face stability. To reveal the mechanism and effect of vibration
on the tunnel face stability, a transparent tunnel model with a movable vibration exciter was designed and a series of model tests were
performed under different vibration magnitudes 4, and frequencies f. Meanwhile, particle image velocimetry was used to reveal the dis-
placement field and the failure pattern of the tunnel face. The test results indicate that the cutting-induced vibration produces a signif-
icant reduction effect on the tunnel face stability, as expressed by the increase of the face support pressure and the failure zone when the
vibration magnitude and frequency increase. Compared with the static unloading conditions, the width of the failure wedge L., increased
by about 5.75% and 35.66% for the loose and dense sand, respectively, under dynamic unloading conditions (4, = 0.2g, f = 10 Hz). The
limit support pressure increased up to about 0.20yD at a vibration of 0.3g and 50 Hz, much larger than those of static conditions, which
were about 0.08yD-0.09yD. An observable self-stabilizing arch can be formed in dense sand under static unloading conditions, while
under dynamic unloading conditions, the long-time stable soil arch would not occur. The contributions of this paper could provide
an insightful understanding of the effects of cutterhead vibration on tunnel face stability.
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1 Introduction

The tunnel face stability is one of the primary concerns
in shield tunnelling. The collapse of the tunnel face can lead
to a series of catastrophic consequences, e.g., ground sink-
holes, construction delays, large economic losses, or even
casualties. Insufficient support pressure or excess soil dis-
charge from the earth cabinet is the main inducing factor
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for tunnel face failure. Many previous studies have focused
on the tunnel face instability mechanisms, the arching
effects, and the limit support pressure Py, through theoret-
ical analysis, numerical simulation, and centrifugal or
physical model tests. The limit equilibrium theory (Horn,
1961; Murayama et al., 1966) and the limit analysis theory
(Atkinson & Potts, 1977) are the most used theoretical
models to evaluate Pj;,,,. Based on the limit equilibrium the-
ory, the wedge-prism model (Anagnostou, 2012;
Anagnostou & Perazzelli, 2013; Z. Liu et al., 2021b), trian-
gular base prism model (Oreste & Dias, 2012), trapezoid
base prism model (Bai, 2012) and ellipsoid model (Wu
et al., 2022, 2019) were proposed. Similarly, based on limit
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analysis theory, pioneering researchers developed a series
of models, such as the horn model (Saada et al., 2013;
Subrin & Wong, 2002), multi-block model (Di et al.,
2022; Mollon et al., 2009; Soubra et al., 2008), and rota-
tional failure model (Mollon et al., 2013, 2011; Senent
et al., 2013; J. Zou et al., 2019). However, most analytical
models could only provide a critical value of support pres-
sure but fail to reveal the failure process. Various numeri-
cal modelling methods, including the finite element method
(Vermeer et al., 2002; Zhang et al., 2015), finite difference
method (De Buhan et al., 1999; Ukritchon et al., 2017),
and discrete element method (Chen et al., 2011; Funatsu
et al., 2008; Karim, 2007; Yang et al., 2022), have been
widely used to simulate the failure processes of tunnel face,
despite hard efforts to calibrate the parameters of the con-
stitutive model. Laboratory model tests, including model
tests under 1g gravity conditions (Kirsch, 2010; Ma et al.,
2022; Sun et al., 2018) and centrifugal model tests under
similar conditions (Chen et al., 2018; Idinger et al., 2011;
Nguyen & Nguyen, 2021), are essential means in studying
tunnel face stability. By model tests, the effects of critical
influential factors on face stability have been investigated
in recent years, such as seepage flow (Lii et al., 2018; Pan
& Dias, 2018; Yang & Zhong, 2019; Zhang et al., 2021),
tunnel geometry (Pan & Dias, 2017), anisotropy of ground
(Ibrahim et al., 2015; Lii et al., 2020; J. Zou et al., 2019),
and unloading speed (W. Liu et al., 2018). Among the three
methods mentioned above, the analytical solution is conve-
nient for parameter sensitivity study and simple estimation
in engineering, but it is often based on many assumptions,
which will limit its application scope. The numerical simu-
lation can visualize the actual phenomena on the premise
of low cost, but the rationality of its parameters and the
authenticity of results often need to be verified by actual
engineering measurements or model tests. Although model
tests consume more time, labor, and money, their results
are more realistic and reliable, and they can act as a valu-
able basis for further study via numerical simulations and
analytical analyses.

The existing research mainly focused on the stability of
the tunnel face under static or quasi-static conditions. The
dynamic stability of the tunnel face under the seismic
effects has attracted more attention and has been investi-
gated by some researchers. Saada et al. (2013) used the
pseudo-static method to evaluate the destabilizing effects
induced by seismic loading and found that the
earthquake-induced dynamic forces would result in a sig-
nificant reduction in tunnel face stability. Huang et al.
(2020) investigated the seismic stability of tunnel face in
the cohesive ground with a pseudo-dynamic approach
and suggested that it was necessary to take into account
the effect of vertical seismic for safer construction. Di
et al. (2022) demonstrated that horizontal seismic effects
could increase the tunnel face failure zone while the vertical
seismic effects would have inverse effects by using the

pseudo-static method. The shield excavation is a dynamic
process, especially when cutting in mixed face ground con-
ditions (Ling et al., 2018; M. Liu et al., 2017, 2018, 2021a,
2021b; W. Liu et al., 2018; Z. Liu et al., 2021a, 2021b).
However, unlike the seismic effects, the cutting-induced
force is a dynamic load directly acting on the excavation
face and only produces local vibration in the ground ahead
of the shield. Therefore, the pseudo-static approach with
the equivalent coefficients for seismic cases is unsuitable
under this circumstance.

Up to now, a few studies addressed the dynamic impact
on tunnel face stability utilizing discrete element method
(DEM) simulation (Jin et al., 2021; Wang et al., 2019).
Wang et al. (2019) studied the face stability of earth-
pressure-balanced shield tunnels in the dry granular
ground with three-dimensional DEM considering the
effects of the dynamic excavation process. It was proved
that the limit support pressure Py, on the tunnel face, con-
sidering the dynamic excavation process, was more signifi-
cant than existing research, which might be caused by the
excavation process inducing the change of the soil fabric
and porosity at the tunnel face. The excavation-induced
vibration substantially affects the working surface by
decreasing the soil arching effect. Jin et al. (2021) investi-
gated the face stability considering the excavation process
with different opening ratios of cutterhead. It was con-
cluded that a larger support pressure would be required
with a larger opening ratio. Both Wang et al. (2019) and
Jin et al. (2021) only considered the active dynamic impact,
namely, the rotation of the cutterhead or the advance of
the shield, and neglected the passive vibration of the cutter-
head induced by the interaction of the cutters and excava-
tion face. As for the model tests, both displacement-
controlled and stress-controlled methods assumed that
the tunnel face was unloaded under static or quasi-static
conditions. Few attempts have been made to investigate
the stability of the tunnel face under the vibration of the
cutterhead because of the difficulties in designing a shield
model test apparatus that can simultaneously realize the
retraction and vibration of the cutterhead.

Thus, this paper proposed an innovative model appara-
tus to simulate cutterhead vibration during tunnel face
unloading. With the newly designed apparatus, a series of
1g model tests of tunnel face stability with loose and dense
sand was conducted to investigate how cutterhead vibra-
tion affects the failure pattern and Py, on the tunnel face.
The model tests included nine cases with various vibration
frequencies and magnitudes. This study is not intended to
completely reproduce an actual tunnel project with con-
struction details. Nevertheless, these laboratory tests could
reveal the patterns of face collapse and the variation of
support pressure of tunnel face when subjected to cutter-
head vibration and therefore provide an insightful under-
standing of the effects of cutterhead vibration on tunnel
face stability.
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2 Physical model tests
2.1 Test setup

A physical model apparatus was designed for simulating
shield tunnelling excavation and cutterhead vibration on
the tunnel face. The size setting of the model apparatus
should simultaneously pay attention to the accuracy of
the results and the feasibility of the operation. Previous
studies have proven that the diameter of a model tunnel
set as 100-150 mm (Kirsch, 2010; Li et al., 2018, 2020;
Ma et al., 2022) can balance accuracy and operability.
The present model test focused on the failure mechanism
of the ground before the excavation face, so the tunnel
length will be acceptable when the failure zone can be fully
observed. The model tunnel and cutterhead need to be rigid
bodies. Therefore, their thickness should be set large
enough to guarantee stiffness. The schematic sketch of
the physical model apparatus is shown in Fig. 1. The appa-
ratus comprises three main parts: (1) the cuboid tank, (2)
the control part, and (3) the vibration exciter part. The
cuboid tank is of an inner dimension of 0.30 m x 0.30
m X 0.40 m, and its front sidewall is made with a transpar-
ent acrylic plate for the sand deformation observation. The
other sidewalls and the bottom are made of aluminium
plate with a thickness of 10 mm. A 120 mm-length semi-
circle aluminium tunnel with a 100 mm inner diameter
and a 20 mm thickness is installed fixedly along the front
sidewall to simulate the whole circle tunnel based on its
symmetric properties. Even though both the cutterhead
and cutters vibrate during the excavation process, engineer-
ing practice and related research (Ling et al., 2018; M. Liu
et al., 2021b) have proved that they can be regarded as a
whole cutting system and synthetically affect the excavation
face stability. Therefore, it is reasonable to simulate the

integral vibration effects of the cutterhead and cutters with
a single semi-circle aluminium piston. Therefore, a mov-
able semi-circle aluminium piston with a diameter D; of
100 mm is fitted in the tunnel representing the prototype
cutterhead supporting the sand of the working face. The
piston is supported by a roller bearing inside the sidewall
and can move backwards from the static state by turning
the knob on the threaded bar, simulating the unloading
process of the working face induced by insufficient support
pressure. Three cylindrical grooves are set on the face of
the cutter head to install micro earth pressure gauges to
measure the support pressure. The average of the three val-
ues is regarded as the supporting pressure acting on the
working surface. An accelerometer is installed on the back
of the cutter head fixedly measuring the actual vibration
acceleration of the cutterhead.

Generally, the displacement-controlled method (Ahmed
& Iskander, 2012; Idinger et al., 2011; Kirsch, 2010) and
stress-controlled method (Chambon & Corte, 1994; Chen
et al., 2013; Lee et al., 2004) are the two main approaches
to simulate the disturbance on the working face during tun-
nelling. The former method unloads the tunnel face by
retracting the rigid plate, while the latter applies adjustable
stress on the tunnel face by airbag or fluid bag. The present
work adopted the displacement-controlled method for its
simplification and controllability. The piston could be
retracted into the tunnel by turning the knob with 1 mm
horizontal displacement per revolution.

A vibration exciter is fixedly connected to the exciter
container, as shown in Fig. 1. It can output a given vibra-
tion and act on the working face through the exciter con-
tainer and the piston. A unique adjustable connector is
designed to improve the vibration controllability of the pis-
ton, as shown in Fig. 2. The adjustable connector includes
the following parts: a central screw, a non-threaded peg, a
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Fig. 1. Schematic sketch of the physical model test. (Unit: mm).
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Fig. 2. Adjustable connector and three working states. (a) Pushing state,
(b) pulling state, (c) vibrating state, and (d) the picture.

connecting plate, a spring, a rotary shaft, and a fixed plate.
The two ends of the spring stand against the connecting
plate and the rotary shaft, respectively. Three working
states, i.e., pushing state, pulling state and vibrating state,
are shown in Fig. 2(a)—(c). Due to its elaborate structure,
the adjustable connector can effectively transmit the dis-
placement of backward (Fig. 2(a)) and forward (Fig. 2
(b)). At the same time, under the vibration loading state
(Fig. 2(c)), the shield cutter head has a certain vibration
space.

The overall test system is shown in Fig. 3. The computer
controls the vibration output of the exciter through the sig-
nal generator so that the exciter drives the front cutter head
to vibrate at a specific frequency and amplitude. The
accelerometer fixed on the cutter head can measure the
actual vibration of the cutter head. The data acquisition
instrument collects the displacement of the cutter head
panel and the front earth pressure load. The digital camera
records the video information of the soil layer displacement
in front of the cutter head. It is used to obtain the displace-
ment field and failure pattern of the working face through
particle image velocimetry (PIV).

2.2 Test material

Sand soil was chosen as the test material due to its sen-
sitivity to disturbance and flowability, which makes it ideal
for capturing the impact of vibration on the excavation
face. Its stable physical and mechanical properties also
facilitate reproducibility and comparison with existing
studies. Additionally, the sand’s density is varied, inspired
by Kirsch’s model tests, to examine its effect on failure
modes under vibration.

The sand particle size was treated carefully for the
model tests, whereas the scaling factor of the model and
the prototype is 1:70. The sand used in this test was the
prototype material, which cannot be scaled by similarity,
just like in most common cases (Idinger et al., 2011;
Kirsch, 2010; Lii et al., 2020). To minimize the grain size
effects on tunnel face stability problem, the diameter of
model cutterhead D and the mean grain size of tested sand
dso should be satisfied that D/dsy > 175 (Chambon &
Corte, 1994; Kirsch, 2010). The sand distribution curve
used in the test is shown in Fig. 4. The average particle size
of the sand layer material used is dso = 0.25 mm, and the
diameter of the cutter head is D=100 mm, which meets
the requirement of D/dsy > 175. Two types of sand layers,
loose sand layer S1 and compact sand layer S2 were used
for the test. The basic parameters are shown in Table 1.
The friction angle ¢ of the dense sand and loose sand used
in this paper was 34.26° and 30.44°, respectively.

2.3 Test procedure

The test procedure was carefully designed as following:
(1) Before the test, the soil box was clearly emptied and
the measuring facilities were installed. (2) Then, the sand
was backfilled into the soil box layer by layer. To obtain
the designed relative density of the tested sand, each layer
contained a specified weight of sand and was compressed
to a determined height of 100 mm. (3) The initial value
of the supporting pressure at the working face was
recorded. The data acquisition instrument, exciter, digital
camera, and lighting equipment status were checked to
ensure that they could work properly. (4) With the perfect
preparation, the model tests were performed according to
the pre-designed testing scheme as shown in Table 2. (5)
For the static experiments, the soil should be kept in a
quasi-static state. Therefore, according to the related
research and tentative pre-experiments, the cutterhead
was retracted at 0.025 mm/min for the 1st mm to simulate
the static stress release. During the following 14 mm, the
piston was moved at a speed of 0.25 mm/min. (6) For the
dynamic tests, the vibration excitation was applied by exci-
ters on the model piston concurrent with its retraction. The
applied vibration signal is shown in Fig. 5, and the testing
scheme is shown in Table 2. Case 2 is the dynamic test for
loose sand with a magnitude of 0.2g and a frequency of
10 Hz. Cases 4-7 were the dynamic tests for dense sand
with vibrations of 0.2g and 5, 10, 50, and 200 Hz, respec-
tively. The amplitude of Cases 8-9 was 0.3g with 10 and
50 Hz, respectively to investigate the influence of vibration
magnitudes.

Data taker recorded the results every 2 s and the digital
camera recorded video continuously. Every test ended
when the horizontal displacement of the piston reached
15 mm. The PIV program called PIVlab (Thiclicke &
Sonntag, 2021) developed by MATLAB was used to pro-
cess the video, and obtain the ground displacement field,
shear strain and the failure pattern of the tunnel face.



M.-B. Liu et al. | Underground Space 22 (2025) 39-54 43

Vibration

Signal
generator

Computer

| acquisition

Camera

Data taker

Fig. 3. Set-up of the model test apparatus.
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Fig. 4. Grading curve of the sand material.

3 Experimental results
3.1 Support pressure

The development of the support pressure reveals how
the tunnel face degrades and intuitively denotes the mini-
mum support pressure needed for maintaining the face sta-
bility in practical construction. Figure 6 shows the
normalized support pressure o/yD of four repeated tests
under static conditions with dense sand. These four curves
have good consistency, proving the reliability and repeata-
bility of the present testing instruments. The evolution pro-

Table 1

Parameters of the test sand.

Parameters Unit S1 S2
Specific density kg/m? 2650

Mean grain size ds, mm ~0.25

Uniformity coefficient C, - >7

Mass kg 65.00 72.55
Particle volume m? 0.024 0.027
Total volume m’ 0.047 0.047
Bulk density kg/m? 1366 1525
Void ratio - 0.939 0.738
Relative density D, - 0.037 0.706
Porosity % 48.40 42.40
Fraction angle ¢ ° 30.44 34.26
Compaction degree - Loose Dense

cess of the support pressure P can be divided into three
main stages: a rapid linear decline occurs at an initial small
retract distance (Stage I), followed by a short curved
decline stage (Stage II) reaching the limited value, and
finally a basic stable stage (Stage I1I) with the continuous
increase of the retract displacement. This phenomenon is
consistent with previous work conducted by Ahmed and
Iskander (2012) and Chen et al. (2013).

As a comparison, the support pressure P variations in
the dense sand under static and dynamic conditions are
plotted in Fig. 7. The cutterhead vibration magnitude of
the dynamic cases was 0.2g and the frequencies were 5,
10, 50, and 200 Hz, respectively. In Stage I, all the support
pressures showed the same decline law with a similar
decline slope. Compared with the static condition, the sup-
port pressure under the dynamic condition enters Stage 11
at a smaller retract distance s. The dynamic loads also
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Table 2

Testing matrix.

Case No. Sand Loading condition Frequency, f (Hz) Magnitude, 4,
1 Loose Static - -

2 Loose Dynamic 10 0.20g
3 Dense Static - -

4 Dense Dynamic 5 0.20g
5 Dense Dynamic 10 0.20g
6 Dense Dynamic 50 0.20g
7 Dense Dynamic 200 0.20g
8 Dense Dynamic 10 0.30g
9 Dense Dynamic 50 0.30g

influence the duration of Stage II, i.e., the curved decline
stage. With the cutterhead vibration, Stage II is larger than
that under static conditions. Furthermore, the results
showed that higher frequencies result in longer curved
decline stages. At Stage 11, Py, increases along with the
increase of the excitation frequencies. Under static condi-
tions, the support pressure in Stage III is about 0.08yD—
0.09yD, and it increases when the frequency increases to
5 Hz. When the frequency increases to 50 Hz, Py, stabilizes
at about 0.15yD, and when the frequency is 200 Hz, it
increases to 0.20yD.

Additionally, Fig. 8 depicts the development curves of
support pressure under the vibration with amplitudes of
0.2g and 0.3g, respectively. It further confirmed that the
Pjin under dynamic conditions would be higher as com-
pared with that under static conditions. Meanwhile, under
the same frequency, the larger the amplitude is, the larger
the Py, would be required. When the frequency is 50 Hz
and the amplitude is 0.3g, the support pressure of the exca-
vation face in Stage III is about 0.20yD, which is about
twice that under static conditions.

In conclusion, Py, would increase under the effect of
cutterhead vibration, and the higher amplitude and fre-
quency the vibration possess, the more increase in Py,
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would be induced. This phenomenon indicates that a sig-
nificant cutterhead vibration which brings excitation to
the sandy particles and enlarges the failure zone ahead
would notably destabilize the tunnel face. Thus, a higher
support pressure in the shield chamber is demanded to
maintain the tunnel face stability under cutterhead vibra-
tion. Furthermore, shield operating parameters like cutter-
head rotation speed, shield tunnelling speed, and thrust
force should be strictly controlled for restricting the vibra-
tion of the cutterhead.

3.2 Failure mechanism

3.2.1 Results of the loose sand

Figures 9 and 10 illustrate the development of the verti-
cal displacements and shear strain in loose sand S1 at three
positions of the cutterhead, i.e., s = 6, 10, and 14 mm, for
both static and dynamic conditions. For the dynamic tests,
the vibration frequency f was 10 Hz, and the amplitude 4,
was 0.2g. The failure pattern of the working face both
under dynamic and static conditions could be elucidated
by a combination of a failure wedge that occurred in front
of the tunnel face and a frustum of an ellipsoid prism
formed above the failure wedge. With the increase of the

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

0.2 A,=0.2g, f=50 Hz,

0.1
0
-0.1
-0.2

0.3 A,=0.5g, =50 Hz
0.2
0.1

0
-0.17]
-0.2f
-0.3
0.2 A,=0.2g, f=10 Hz
0.1

0
-0.1

-0.2
0.3 A,=0.3g, f=10 Hz
0.2
0.1

0

-0.1

-0.2

-0.3

Acceleration(g)

0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1.0
Time(s)

(b)

Fig. 5. Cutterhead vibration patterns. (a) Different frequencies with a magnitude of 0.2g, and (b) different magnitudes with frequencies of 50 and 10 Hz.
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retract distance s, the upper part of the failure zone
expands gradually towards the ground surface. It should
be noted that the tunnel face would collapse with a small
displacement s, i.e., 0.2%D-2%D (Chen et al., 2018; W.
Liu et al., 2018; Li et al., 2020), which is also consistent
with the displacement corresponding to the limit support
pressure in Section 3.1. Therefore, the soil before the tunnel
face was actually in a state of collapse for all the above
cases.

More importantly, it can be found that the failure zone
is larger under dynamic conditions than that under static
conditions. To distinctly reveal the size variation of the fail-
ure zone, a term of the wedge top width L, is defined as
shown in Fig. 11. It is determined as follows: firstly, the

08y :
0_7- Stage | Stage Il Stagelll ..
B LY |
o6f-% 1|
05 I Static testing ‘
! Nonlinear descending A=0.2g, =10 Hz
o4-y\ /T A,=0.3g, =10 Hz |
N ‘ Relatively stabl ?
S ro elatively stable  |—— A =0.2g, =50 Hz
0.3 _ \ / """"""""""""" — A,=0.3g, =50 Hz
0.2 ' """"" A NN ““MW\A\MN\“V
01
0L / Relativelystable
—01 I Nonlinear descending | . ) . ) i
0 1 2 3 4 5

s/D (%)

Fig. 8. Support pressures of the dense sand under different vibration
magnitudes.

pixel points of maximum positive shear strain Sp,,x+ and
maximum negative shear strain S,,,._ are found on the
horizontal line of the vault, and then L, is calculated by
the coordinates of the two sets of pixel points.

Lwt = Smax+<x) - Smaxf(x)7

where Sy (x) and Sy, (x) are the x-coordinates of the
maximum positive and negative shear strain points,
respectively.

The results show that when the retract distance s is 14%
D, and L, of the loose sand under static conditions is
37.36%D, while under dynamic conditions with the ampli-
tude of 0.2g and frequency of 10 Hz, L. is 39.51%D,
increasing by 5.75%.

3.2.2 Results of the dense sand

Figure 12(a)—(d) shows the pictures of the failure zone
in the dense sand under static conditions with the varia-
tion of the panel retract distance. As shown in Fig. 12(a),
when the cutter head retracted distance is 3%D, (i.e.,
s = 3 mm), a soil arch emerges before the tunnel face
exhibits, as illustrated by the dashed blue line. A cavity
formed below the arch due to its self-bearing effect, while
the upper soil arch structure can remain self-stable.
When the self-stabilizing arch of the soil body appears,
the upper strata of the soil arch will no longer be dis-
turbed by the continuous retracting of the cutter panel,
as shown in Fig. 12(b)—(d). When s = 15.0 mm, the cut-
terhead stopped retracting and then turns on the exciter
on the cutter panel to apply the frequency of 50 Hz
vibration excitation. When the amplitude is within
0.05g, the soil arch can remain stable; with the increase
of amplitude, the front layer began to change. When
the amplitude increases to 0.20g, the stable equilibrium
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Fig. 9. Vertical displacement of working face of loose sand under static and dynamic conditions.

state of the sand particles at the bottom of the soil arch
is destroyed due to the additional inertia force generated
by vibration, and the sand particles fell into the cavity.
The test phenomenon also shows that the volume of par-
ticle falling is related to the vibration intensity. The
number of particles falling increases with the intensifica-
tion of the vibration; with the continuous particle fall-
ing, the soil arch accelerates destabilization until the
instantaneous monolithic damage and the collapse
destabilization zone develops to the ground surface,
see Fig. 12(f).

Figure 13 presents pictures of the change in the failure
zone of the dense sand layer under dynamic conditions.
Compared with static conditions, soil arch could not main-
tain stability for a long time under dynamic conditions.
The failure zone develops continuously to the surface with
the continuous retraction of the cutterhead, and eventually
produces a surface settlement trough; even if a transient
arch phenomenon occurs in the middle, it will be weakened
and collapsed by the combined effect of the cutterhead
panel retract unloading and vibration excitation, which

makes the loosened area, where instability occurs, develop
continuously up to the surface, see Fig. 13(c).

Figures 14 and 15 plot the vertical displacement field
and shear zone clouds under static and two dynamic condi-
tions (4, = 0.2g, f= 10 Hz; 4, = 0.3g, f = 10 Hz) in the
dense sand layer, respectively. It can be found that the fail-
ure zone in the dense sand layer is narrower, and the wedge
angle is smaller compared with the results of the loose sand
layer. Comparing the failure zones under static and
dynamic conditions of the dense sand layer can be found
that the instability range of the dense sand layer under
dynamic conditions is wider than that under static condi-
tions. The effect of cutterhead vibration on the instability
range is more significant in the dense sand than in the loose
sand because the dense sand has higher initial stress and is
more likely to be loosened under vibration. The wedge top
width L is 19.35 mm for 12%D retract distance of the cut-
terhead panel in the dense sand layer under static condi-
tions, while under dynamic conditions (4, = 0.2g,
f =10 Hz), Ly, reaches 26.25 mm, which increases by
about 35.66%. For the case where A4, = 0.3g and
f = 10 Hz, Ly can reach 28.62 mm. The comparison
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Fig. 10. Shear strain of working face of loosened sand under static and dynamic conditions.

between two dynamic cases with different amplitudes shows
that the larger vibration amplitude will increase the width
of the failure zone with the same retraction distance. It
indicates that decreasing the vibration amplitude is a prac-
tical approach to mitigate the adverse impact on the tunnel
face stability.

4 Discussions
4.1 Comparison with previous investigations

For validation, the test results of the present work under
static conditions are compared with the physical model test
results of Kirsch (2010) and the centrifuge test results of
Idinger et al. (2011), as shown in Fig. 16. The results show
that the support pressure of the tunnel face under static
unloading conditions decreases rapidly at first and then
remains stable with the increase of the retract distance of

the cutterhead. The support pressure is about 0.05yD—
0.10yD, and the final stable value is about 0.10yD-
0.15yD. The results are very close to those of Kirsch
(2010) and Idinger et al (2011) under static unloading con-
ditions, proving the rationality and reliability of the testing
instruments.

Furthermore, Fig. 17 shows the comparison of the
results of this paper under dynamic conditions with the
experimental and numerical calculation results in the
existing studies. The results of this paper are illustrated
by the box statistical plots at Stage III and under C/
D=2. It has been proved that the Py, increases with the
increase of burial depth C. For the condition of C/D=2
in this paper, the Py, under the static condition is about
0.05yD-0.125yD, and the average value is about 0.075yD,
which is consistent with the aforementioned studies. For
the stability and Pj;,, of the tunnel face under dynamic
conditions, Wang et al. (2019) used the three-
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Fig. 11. Definition of the wedge width L.

dimensional discrete element method and found that the
limit support pressure of the tunnel face considering the
cutter rotation is higher than that of static unloading.
Py, obtained in this test under the conditions of dense
sand and dynamic conditions (4, = 0.2g, f = 50 Hz) is
close to 0.175yD, consistent with the conclusions
obtained from the numerical calculation of the discrete
element method in the previous study.

As shown in Fig. 17, the ratio of the cover depth and
tunnel diameter C/D is commonly used to investigate the
influence of the relative dimensions on the failure mecha-
nism. Existing experimental investigations (Kirsch, 2010)
and analytical research (Wu et al., 2022) have proved that
the failure mechanism reflected by TBM with different
diameters is approximately consistent. However, whether
the cutterhead diameter influences the failure mechanism
considering the cutting-induced vibration still needs further
study.

4.2 Mechanism of the formation and destruction of self-
stabilized arch

Self-stabilized arch is a common phenomenon induced
by unloading activity in sandy ground possessing suffi-
cient strength (Dziuban et al., 2018; Jacobsz, 2016;
Song et al., 2018). It can be analytically explained based
on the multi-arch model proposed by Chen et al.

(2019). As illustrated in Fig. 18, during tunnel face
unloading, a wedge-shaped loosening zone occurs in the
ground ahead and develops vertically toward the ground
surface. The soil within a specific range above the loosen-
ing zone displaces slightly and gets denser to form an end-
bearing arch. In the end-bearing zone, part of the vertical
stress (including self-weight and overburden earth pres-
sure) is transferred to the stability zone around the loos-
ening zone along the axis of the arch, while the remaining
vertical stress is transferred to the loosening zone. Via
limit equilibrium analysis (see Fig. 18 and Eq. (1)) on
the differential unit of the arch crown in polar coordinate,
the vertical stress acts on the upper surface ¢; can be
obtained as Eq. (2).

dor | 2(or —0p)
@® k7 M

9, = GR’R:RIZ; (2)

where R is the polar radius in the polar coordinate system,
or is the radial stress, g is the tangential stress, and y is the
unit weight of the soil.

When ¢; = 0, all the vertical stress is transferred to the
stability zone, and the end-bearing arch stabilizes at a cer-
tain depth before the loosening zone reaches the ground
surface. If ¢; > 0, the end-bearing arch cannot self-
stabilize at the current depth, and the loosening zone devel-
ops upwards with the increase of tunnel face ground loss
and new end-bearing reforms above. This phenomenon will
repeat until the end-bearing arch self-stabilizes or the loos-
ening zone reaches the ground surface. A larger internal
friction angle will benefit the stabilization of the end-
bearing arch.

Under dynamic situations, the vibration produced by
the cutterhead will propagate to the end-bearing arch and
generate inertial force, as shown in Fig. 18. Accordingly,
Eq. (1) should be modified under the vibration into
Eq. (3).

dor  2(or — 0
U )
where f; , is the vertical component of the unit inertial force
induced by cutterhead vibration.

A downward vertical component of the inertial force
will increase the magnitude of ¢;. Meanwhile, the vibration
will reduce the internal friction of sand, which is also detri-
mental to the stabilization of the end-bearing arch and
motivates the further development of the loosening zone.
Therefore, the self-stabilized arch under cutterhead vibra-
tion will appear higher in the ground than in quasi-static
conditions or even be unable to form.

It is hard to quantitatively give critical vibration ampli-
tude or frequency for forming the self-stabilized arch accu-
rately in the limited cases of model tests. Nevertheless, it
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Fig. 12. Pictures of the loose range of the work face. (a)—(d) Variation of the loose range with retracting distance under static conditions, (e) apply
vibration on the panel when s = 15.00 mm, and (f) tunnel face collapsed with continuous vibration.

Fig. 13. Pictures of the loose range of the work face with retracting distance under dynamic conditions.
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Fig. 14. Vertical displacement of working face of dense sand under static and dynamic conditions.

can still be concluded from the test results and analytical  the adverse effect increases with the increase of vibration
discussion that the cutterhead vibration can undermine amplitude and the decrease of internal friction angle.
the stability of the ground ahead of the tunnel face, and Hence, three factors can be controlled to meet the demand
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for environmental protection in practical engineering: (1)
the cutterhead rotation, jacking force, and tunneling speed
should be reduced appropriately to reduce the amplitude of
the cutterhead vibration (M. Liu et al., 2021b); (2) support
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Fig. 15. Shear strain of working face of dense sand under static and dynamic conditions.

(%)

10

pressure should be increased to alleviate the deformation of
tunnel face; (3) ground improvement technology can be
implemented to enhance the stability of ground itself.
Moreover, further analytical investigations with quantita-
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tive analyses can be conducted based on the results from
this experimental study.

5 Conclusions

The influence of cutter head vibration on the tunnel face
stability was investigated by physical model tests. Failure
pattern and Py, of the tunnel face were studied considering
different vibration magnitudes and frequencies. The follow-
ing conclusions can be drawn:

(1) A new test apparatus with an adjustable connector
was designed to effectively transmit the displacement
and provide a certain vibration space under the vibra-

tion loading state. Therefore, it has the advantage of
simulating the combined effects of unloading and
cutting-induced vibration. The repeated testing and
the comparison with the previous work proved that
this apparatus was credible and reliable.

(2) The vibration of the cutterhead could induce a larger
failure zone than that of static unloading conditions.
For the loose sand, the wedge width L, increases
by about 5.75% when the cutterhead vibrates at
10 Hz with an amplitude of 0.2g. The L, of the dense
sand is about 19.35%D when the retract distance is
12%D under the static condition and increases to
26.25%D under the dynamic condition (4, = 0.2g,
f= 10 Hz), which increases by about 35.66%.

(3) An observable self-stabilizing arch can be formed in
dense sand under static unloading conditions, which
would not change with the retract distance of the cut-
terhead. Comparatively, under dynamic unloading
conditions, the soil arch before the tunnel face would
not occur or could not keep stable for a long time.

(4) The Py, varies for different dynamic working condi-
tions. It shows that the more significant the amplitude
or frequency is, the larger the Py;,, would be required
eventually. Under static conditions, the Py, is about
0.08yD-0.09yD, while at an amplitude of 0.2g and a
frequency of 50 Hz, the Py, is about 0.15yD. When
the frequency is kept constant at 50 Hz, and the
amplitude reaches 0.3g, the limit support pressure
grows to 0.20yD.

(5) In summary, the cutting-induced vibration of the cut-
terhead can weaken the tunnel face stability, espe-
cially for the dense sand. The failure zone and the
limit support pressure of the excavation face increase
with the amplitudes of the vibration. It is recom-
mended that decreasing the vibration amplitude by
controlling the critical excavation parameters of
shield tunneling is a practical approach to mitigate
the adverse impact on tunnel face stability.
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