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Abstract

When tunnelling in difficult ground conditions, shield machine would inevitably produce significant ground loss and vibration, which
may disturb the ground ahead of the tunnel face. In this paper, discrete element models calibrated by model tests were established to
investigate the response of tunnel face under the coupling effects of unloading and cutterhead vibrations. The results show that the fric-
tion angle reduction under cyclic loading and vibration attenuation in the sandy ground are significant and can be estimated by the fitted
exponential functions. Under cutterhead vibration, the tunnel face stability is undermined and the limit support pressure (LSP) increases
to 1.4 times as that in the static case with the growth of frequency and amplitude. Meanwhile, the loosening zone becomes wider and the
arching effect is weakened with the reduction of peak horizontal stress and the increase of vertical stress above the tunnel. Based on the
numerical results, a pseudo-static method was introduced into the limit equilibrium analysis of the wedge-prism model for calculating the
LSP under vibration. With an error rate less than 5.2%, the proposed analytical method is well validated. Further analytical calculation
reveals that the LSP would increase with the growth of vibration amplitude, vibration frequency and covered depth but decrease with the
increase of friction angle. This study can not only lay a solid foundation for the further investigation of ground loss, ground water and
soft-hard heterogeneous ground under cutterhead vibration, but also provide meaningful references for the control of environmental
disturbance in practice.
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1 Introduction

Face stability is one of the key issues in shield tunnelling
engineering (Di et al., 2023a; Ding et al., 2022; Elkayam &
Klar, 2018; Li et al., 2023). It can not only be affected by
geological and supporting conditions, but also the static
or dynamic actions of cutterhead thereof. Reasonable sup-
porting pressure to account for various situations around
the tunnel is critical for maintaining tunnel face stability.
Otherwise, instability would take place in the ground ahead
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and thereby result in catastrophes in the tunnel project and
threatening the buildings and infrastructures around.
Previously, countless studies have been conducted by
means of analytical solutions, numerical simulations as
well as laboratory model tests to shed light on tunnel face
stability. From the perspective of analytical solution, two
basic theories termed limit equilibrium theory and limit
analysis theory are widely accepted. Originated from them,
various calculation models based on different assumptions
on the shapes of loosening zone, e.g., the wedge-prism
model (Anagnostou & Perazzelli, 2013; Chen et al.,
2015), triangular base prism model (Oreste & Dias, 2012),
trapezoid base prism model (Wei & He, 2007), inverted
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frustum prism (Dai & Hu, 2020), multi-block model
(Soubra et al.,, 2008), and rotational failure model
(Mollon et al., 2011) based on limit analysis theory were
proposed to improve the precision of calculation results.

Experimental model test also acts a crucial role in the
research. The considerable tests conducted by pioneer
researchers could be classified into the displacement-
controlled method (DCM) and the stress-controlled
method (SCM) according to the control way of boundary
condition on the tunnel face. The former method (Ahmed
& Iskander, 2012; Chen et al., 2013; Idinger et al., 2011;
Kirsch, 2010; Liu et al., 2018), which unloads the tunnel
face by backward displacement of the rigid plate on it, is
deemed to perform better in capturing strain softening
effects of soil in the process of face collapse than the latter
method (Chambon & Corté, 1994; Lee et al., 2004) which
applies adjustable stress on the tunnel face by airbag or
fluid bag.

Numerical methods are favoured by many scholars
because of its superiority in simulating and monitoring
progressive failure of excavation face with precisive control
of diverse boundary conditions. Currently, numerical
methods adopted in the mainstream include the finite ele-
ment method (FEM) or the finite difference method
(FDM) based on continuum mechanics and the discrete
element method (DEM) based on discrete medium theory.
Among them, FEM and FDM have been used in the anal-
ysis of face stability since early age for their earlier develop-
ment which brought up considerable mature commercial
numerical software with reliable computation capability
and simple operation (Ukritchon et al., 2017; Zhang
et al., 2015). While the trend of DEM rose in recent years
because of its ability to consider the issues of discontinuity
and large deformation that emerged in the excavation
(Cheng et al., 2023; Hu et al., 2021; Jin et al., 2021;
Wang et al., 2019).

Up to now, progress was achieved on the tunnel face
stability by considering the effects of soil arching (Chen
et al., 2015), seepage flow (Di et al., 2023b; Lv et al.,
2018), the tunnel shape (Liu et al., 2021; Pan & Dias,
2017), anisotropy of ground (Ibrahim et al., 2015; Lv
et al., 2020) and so on. However, relatively few attempts
have been made to investigate the tunnel face stability
under the cutterhead vibration which would inevitably
emerge between the cutter and the ground ahead during
the cutting process (Table 1, where g denotes gravitational
acceleration). These vibrations would not only cause wear
and tear on the cutting system of the shield but also have
significant impacts on the ground ahead of the face, espe-
cially when the support pressure on the tunnel face is insuf-
ficient (namely, the tunnel face is suffering a coupling effect
of unloading and vibration). On one hand, during excava-
tion, cutterhead vibration can activate the soil particles
movement (Ciamarra et al., 2006; Hunt et al., 1999;
Janda et al., 2009), increase the pore water pressure (Q.
Huang et al., 2018; Tang et al., 2008; Wu et al., 2023)
and degrade the arching effect (Al-Naddaf et al., 2019;

Xu et al., 2019), which are detrimental to the stability of
ground ahead and aggravate the loss of soil and water on
tunnel face. On the other hand, unloading would loosen
the ground and cause variation in its mechanical proper-
ties, which in turn affects the generation and propagation
of the cutterhead vibration. Therefore, when suffering sev-
ere cutterhead vibration, the support pressure which is set
by the soil and water pressure on the tunnel face under sta-
tic condition may be unable to maintain the deformation
and stability of the ground ahead. As a consequence, the
loosening zone that emerges from the tunnel face would
propagate to the ground surface and lead to serious envi-
ronmental disasters such as ground surface collapse
(Fig. 1).

Therefore, in this paper, a series of DEM simulations
were conducted by particle flow code (PFC) to investigate
the responses of tunnel face support pressure (o), arching
effect and loosening zone under cutterhead vibrations with
different frequencies and amplitudes. In view of the results
from DEM simulation, an improved analytical approach
for predicting the limit support pressure (LSP) of the tun-
nel face under cutterhead vibration was proposed and val-
idated. Conclusions obtained from this paper could help
engineers better understand the effects of cutterhead vibra-
tion on the tunnel face and provide references to determine
o, with the consideration of cutterhead vibration.

2 Numerical investigation

The advantages of DEM in the simulation of granular
materials make it particularly suitable for the analysis of
face stability which needs to reproduce large deformations
and complex movement of granular materials (Cundall &
Strack, 1979). In this investigation, the PFC based on
DEM was employed to simulate the unloading of the shield
tunnel face under the effect of cutterhead vibration. In
order to make precise simulations, the core parameters
need to be verified by laboratory tests.

2.1 DEM model for tunnel face unloading under vibration

2.1.1 DEM parameters

Based on the model test conducted by Kirsch (2010), a
two-dimensional DEM model of face unloading with
DCM was set up as shown in Fig. 2. The simplified shield
machine was composed of two shield shells with a length of
120 mm and a movable support plate with a diameter of
100 mm. The model had a length of 400 mm and a height
of 400 mm, leaving enough space for the development of
loosening zone induced by tunnel face unloading. The
model boundaries, shield shells and support plate of tunnel
face were all modelled by rigid wall element.

In Kirsch’s model test, the sand with a mean diameter
D5y of 0.58 mm is adopted. Since the time consumption
for each calculation step of the PFC increases significantly
with the particle number, and the length of calculation step
is proportional to the minimum particle diameter, setting
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Table 1

Summary of cutterhead vibration characteristics measured in different circumstances.

Researcher Dominant Cutterhead Torque Thrust Rotation Amplitude of Dominant
excavated diameter (m)  (kN-m) (kN) speed (r/min)  acceleration or  frequency (Hz)
ground velocity

X. Huang et al. (2018) Siltstone 5.48 900-1500 6.5-7.2 2.23¢g 40-50

Ling et al. (2018) Monzonite 8.53 9633 16 509 5.6 3.6g 75

Wu et al. (2021) Weathered 6.47 400-900 9000-13 000 3 5g 50-200
migmatitic
granite

Liu et al. (2022) Weathered diorite  6.68 2000-3500 12 000-22 500  1.2-1.7 S5g 0-50, 400-800

Rallu et al. (2023) Granite 9.80 3000 3 25 mm/s 0-40

Rallu et al. (2023) Pre-glacial 9.80 1000 2 2 mm/s 0-40
alluvium

the particle size in the PFC to the grain size in reality will
result in unaffordable calculation costs. According to Chen
et al. (2011), particle size effect in PFC simulation of tunnel
face unloading can be neglected when the ratio of tunnel
diameter to mean particle diameter D/Ds, is larger than
12. Thus, the particles in the PFC simulation in this study
are randomly generated with a radius distributed uniformly
within 0.8-4.0 mm (namely, D/Dsy~20.8) to strike a bal-
ance between computational efficiency and particle size
effect, and achieve a similar particle size distribution with
the sand in reality. It should be noted that the particles
within a distance of 4 mm from the model boundaries
(marked in cyan in Fig. 2) were fixed and used to compose
viscous boundaries so as to eliminate the reflection of stress
wave.

In addition, 16 measurement circles with a diameter of
20 mm were arranged according to the assumed loosening
zone to assess the changes of stress. Meanwhile, 70 parti-
cles with a spacing of 25 mm in both the vertical and hor-
izontal directions are picked out (marked in red in Fig. 2)
for monitoring the vibration transferring in the ground.

The contact model between the particles is the linear
model consisting of a normal linear elastic spring without
tensile resistance, a tangential linear elastic spring and a
friction plate. Its crucial parameters include normal stiff-
ness k,, tangential stiffness kg, and friction coefficient pu.
To ensure that the particle in numerical simulation can
reproduce the mechanical behavior of the sand used in
Kirsch’s model test, a direct shear test (DST) was con-
ducted by PFC repeatedly, and the diameter, stiffnesses
and friction coefficient of the particle were adjusted corre-
spondingly until a friction angle close to the actual sand
was obtained. Figure 3 shows the stress—strain curves of
particle sample with calibrated parameters (Table 2). The
higher the normal stress was applied, the later the peak
shear stress appeared and the greater the shear strength
the sand sample possessed, which conformed to the charac-
teristic of real sand. Based on the shear strengths under dif-
ferent normal pressures, the friction angle ¢ of DST from
PFC simulation could be calculated as 32.2°, which is close
to the friction angle (32.5°) of sand used in Kirsch’s model

tests. All the contacts between wall and particle were
described by linear model. The friction coefficient of the
‘particle-wall’ contact was set as 0.2, while the contact stiff-
nesses were set in line with the ‘particle-particle’ contact.
Additionally, for the contacts between the particle in the
viscous boundaries and other particle, the critical damping
ratios in normal and shear directions are set as 1.0 to min-
imize the reaction force of the viscous boundary on the
internal particles.

To get the dynamic friction angle ¢4 of the particles
adopted in this study, a dynamic biaxial compression test
was conducted as shown in Fig. 4. Four bar-shaped clumps
are created to act as the plates compressing the specimen.
The bottom plate is fixed, while the two side plates are con-
strained vertically. Horizontal forces are imposed on the
side plate so as to provide confining pressure (200 kPa)
on the specimen. The cyclic compression on the sample is
realized by applying a vertical force whose magnitude var-
ies as a cosine function to the top plate (constrained hori-
zontally). In the tests, cyclic compressions with different
amplitudes and frequencies were applied on the specimens
until they fail and the corresponding loading cycles were
recorded.

Figure 5 presents the maximum strain in per loading
cycle during the cyclic compression. Apparently, when
the loading frequency is kept constant, the larger amplitude
of the dynamic loading, the less loading cycle is required
for the failure of the specimen. Taking the condition that
the loading frequency is 50 Hz as an example, the dynamic
deviatoric stress with a peak value of 480 kPa only requires
17 loading cycles to destroy the specimen. In contrast, the
specimen needs to be loaded for more than 1500 cycles
under the dynamic deviatoric stress with a peak value of
360 kPa before the failure occurs. Besides, under the same
dynamic deviatoric stress level, the increase of loading fre-
quency can promote the failure process of the specimen. A
dynamic deviatoric stress with a peak value of 400 kPa
needs over 1300 times of loading cycle to destroy the spec-
imen under a loading frequency of 5 Hz. Nevertheless,
when the loading frequency is 30 and 50 Hz, the loading
cycles required for the failure of specimen are 350 times
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Fig. 1. Ground disturbance induced by tunnel face unloading under
cutterhead vibration.

and 119 times, respectively. Furthermore, it can be
observed in Fig. 6 that the ¢4 drops rapidly in the former
300 cycles, but gradually converges in the latter cycles.
When the frequency of the cyclic compression increases,
the decrease of ¢4 becomes larger. An exponential function
is adopted to fit the data, and get the converged value of ¢4
under cyclic loadings with different frequencies. Conse-
quently, ¢4 under cyclic loadings with frequencies of 5,
30 and 50 Hz are 29.6°, 29.2° and 28.4°, respectively.

2.1.2 Simulation cases and procedure

As presented in Table 3, three groups of simulation
cases were designed in this study. The first group only con-
tains case 1 where the tunnel face was unloaded without

120 280

vibration. The second group consists of cases 2-6 where
the tunnel face was unloaded under different vibration.
The tunnel face in the cases 1-6 was unloaded by retracting
the support plate by a distance of s, with a constant
retraction speed vy. In cases 7-11 of the third group, the
support plate was made to vibrate for 5 s without
retraction.
The simulation mainly includes the following steps:

(1) After the model boundaries were created and the
gravity was applied, a homogeneous sandy ground
was built with the combination of the rainfall method
and the multi-layered compaction method (Jiang
et al., 2003). It should be noted that the friction coef-
ficient of particles in this step was set to 0.1 for
obtaining a homogeneous ground with an initial
stress field as depicted in Fig. 2 (which denotes that
the established ground is consistent with practical sit-
uation). By linear fitting the unit weight y of the
ground can be obtained as 16.7 kN/m?> and used as
comparison in the analysis of the soil arching effect
in Section 2.2.3;

(2) The ‘walls’ of the shield were installed under a cover
depth C of 200 mm (2D), and particles in the shield
were deleted simultaneously;

(3) The friction coefficient predetermined as shown in
Table 2 was assigned to the particles to form an initial
ground with an expected friction angle;

(4) The particles within a distance of 4 mm were fixed
and the critical damping ratios of their contact were
set to 1.0, so that the viscous boundaries were
created;

(5) 16 measurement circles and 70 particles were set as
designed and began to measure corresponding physi-
cal quantities;
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Table 2 ing as a sine function to the basic retraction speed of the

Parameters for sand particle.

Parameter Value
Mean diameter, Ds, (mm) 2.4
Normal stiffness, &, (N/m) 1.0 x 10°
Tangential stiffness, k, (N/m) 5.0 x 107
Friction coefficient, p 2.5

(6) Different conditions (
tunnel face by the vel

Table 3) were imposed on the
ocity of the support plate, and

the model was solved until it meets termination

criteria.

plate, i.e., the actual speed of the plate under vibration con-
ditions could be expressed as follows:

v = vy + Ay sin (2nf?), (1)
where vy is the basic retraction speed of the support plate,
A, and f denote the amplitude and frequency of the addi-
tional speed respectively, and ¢ represents the time of
retraction.

In addition, as listed in Table 1, though the amplitude of
vibration acceleration can up to 5¢ and the dominant fre-
quency can reach 800 Hz in hard rock ground, the ampli-
tude vibration velocity and dominant frequency in pre-

It is necessary to mention that the vibration of the sup-
port plate is achieved by adding an additional speed vary-

Cyclic compression

Clump L'

Confining Confining
pressure pressure
% &

’ 120 mm

Fig. 4. DEM simulation of dynamic biaxial compression.
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Table 3
Simulation cases.
Case Smax (Mm) A, (mm/s) f (Hz)
1 6 0 -
2 6 0.5 5
3 6 0.5 30
4 6 0.5 50
5 6 1.5 50
6 6 3.0 50
7 0 0.5 5
8 0 0.5 30
9 0 0.5 50
10 0 1.5 50
11 0 3.0 50

glacial alluvium (mixture of sand and silt, which possesses
the closest mechanical properties to sandy ground studied
in this paper) are 0.2-2.0 mm/s and 0-40 Hz respectively.
Moreover, in model test and PFC simulation, the limita-
tions of vibration exciter and computational efficiency
(the calculation timestep should not be too small) make it
hard to reproduce vibration exceeding 400 Hz on shield
cutterhead. Thus, the frequencies of 5, 30, and 50 Hz are
chosen for the investigation on the influence of cutterhead
vibration frequency. Meanwhile, ensuring that the vibra-
tion of the support plate is sufficient to have an impact
on the tunnel face, but does not produce excessive push
force resulting in the passive destruction, the velocity
amplitudes of 0.5, 1.5 and 3.0 m/s and selected for the
investigation on the influence of the vibration amplitude.

2.1.3 Numerical model validation

To validate the established DEM model, the develop-
ment of o, when the tunnel face was unloaded without
vibration (case 1) was compared with those from the model
tests in previous literature (Chen et al., 2013; Idinger et al.,
2011; Kirsch, 2010). In Chen’s model test, the sand with a
mean diameter Dso of 0.33 mm and a friction angle ¢ of 37°
is adopted; In Idinger’s model test, the sand with a mean
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diameter Dsy of 0.8 mm and a friction angle ¢ of 34° is
adopted. The sands in the three referenced model tests
for the validation have friction angles close to the particles
generated in the numerical simulation. As presented in
Fig. 7, all the curves develop in the same pattern and could
be divided into two stages. Firstly, the o falls sharply along
with the unloading of the tunnel face, which could be
explained by the exertion of arching effect (Chen et al.,
2013) along with the ground settlement. After reaching
its minimum value (LSP) which represents the failure of
the tunnel face, most of the o, keep stable regardless of
the retraction distance s of the support plate in the second
stage. Differently, slight increase of ¢, can be seen after tun-
nel face failure in Chen’s tests because of the strain soften-
ing effect which is common in the shearing failure of dense
sand. Meanwhile, the stable value of o, obtained from the
numerical simulation is slightly smaller than the model
tests due to the subtle differences in dimensionality, over-
burden diameter ratio, and soil properties. Nevertheless,
the overall development characteristics of o and the value
LSP in numerical simulation agree well with those in the
model tests. Hence, the validity of the numerical model
and the adopted parameters could be proved and all the
subsequent simulations conducted with identical construc-
tion methods and parameters could be regarded as reliable.

2.2 Numerical results

2.2.1 Vibration transferring

To analyze the effect of vibration on the tunnel face sta-
bility during unloading, the distribution of vibration in the
ground should be investigated first. Thus, the velocities of
the 70 monitored particles are recorded during the whole
vibration process in cases 7-11. As an example, the time
history curves of the particle velocity when the support
plate vibrates with a velocity amplitude of 0.5 mm/s and
a frequency of 5 Hz are depicted in Fig. 8. x denotes the
horizontal distance from the tunnel face to a certain point
in the ground (with the tunnelling direction as positive)

>
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Fig. 7. Development of support pressure along with the retraction of a
support plate without vibration.
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while y’ represents the vertical distance from the centre of
the tunnel face to a certain point in the ground (with the
the upward direction as positive). Apparently, the velocities
of each particle in both the vertical and horizontal direc-
tions vary in a wave-like cycle under the effect of the cutter-
head vibration. No matter in which direction, the
amplitude of velocity decreases with the increase of the dis-
tance r between the particle and the centre of the cutter-
head. Since the cutterhead vibrates and acts on the
ground in the horizontal direction, the horizontal velocity
of the particle is larger in amplitude as compared to the
vertical velocity. Meanwhile, the horizontal velocity varies
more regularly in a cosine cycle and its frequency is consis-
tent with the cutterhead vibration.

For further exploring the attenuation characteristics of
the vibration in the ground, Eq. (2) from the Code for mea-
surement methods of dynamic properties of subsoil
(Ministry of Housing and Urban-Rural Development of
the People’s Republic of China (MOHURD) & General
Administration of Quality Supervision, Inspection and
Quarantine of the People’s Republic of China (AQSIQ),
2015) is introduced into this study. It can be utilized to
compute the acceleration amplitude of a point with a cer-
tain distance from the centre of the cutterhead.

a, = ap [@f + \/5(1 - ff)} e /),
r r

where «g is the acceleration amplitude of the cutterhead; rq
is the radius of the tunnel (D/2); r is the distance of the
point from the centre of the cutterhead; ¢ is a dimensionless

(2)

coefficient which is given in the Code for measurement
methods of dynamic properties of subsoil (MOHURD &
AQSIQ, 2015) according to the ground property and the
radius of the tunnel, and it is supposed to be 0.8 in this
study; o is the attenuation coefficient of the vibration,
which can be obtained by fitting the vibration data from
the field test.

It can be observed that Eq. (2) is not suitable for the
point whose r is less than ry, so the acceleration attenuation
in front of the tunnel face (wedge zone as elaborated in Sec-
tion 3.1) can be ignored because of the short transmitting
distance. Meanwhile, considering that the upper ground
(prism zone as elaborated in Section 3.1) would mainly lose
its balance in the vertical direction and move downward
when the tunnel face is being unloaded, the horizontal
acceleration has a slight impact on the upper zone. There-
fore, only the attenuation coefficient for the vertical accel-
eration amplitude was fitted in this study. As presented in
Fig. 9, the vertical velocity amplitude of the particle in
the prism zone attenuates sharply with the distance
between the particle and the centre of the tunnel face.
Additionally, the larger the vibration frequency is, the
more remarkable attenuation can be seen. Equation (3)
was adopted to fit the data obtained under different vibra-
tion frequencies. It should be noted that since velocity is
the time integral of acceleration and Eq. (2) is independent
of time, the attenuation pattern of velocity amplitude is
identical with the acceleration amplitude and the attenua-
tion coefficient o remains unchanged. Therefore, with the
consideration that the PFC software can only measure
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Fig. 9. Attenuation of vertical vibration along with the distance from the
centre of the tunnel face.

the velocity of particle, the acceleration amplitude in Eq.
(2) is replaced by velocity amplitude (Eq. (3)) for the
derivation of a.

g =[P B - e, ®)

where A4, is the velocity amplitude of the particle which
has a distance of r from the centre of the cutterhead.

As a result, o under cutterhead vibration with frequen-
cies of 5, 30 and 50 Hz are 0.677, 0.256 and 0.421 s/m
respectively. It can be noted that o can be got easily by
vibration attenuation field test following the Code for mea-
surement methods of dynamic properties of subsoil
(MOHURD & AQSIQ, 2015) in the practical application
of the proposed method.

2.2.2 Limit support pressure under vibration

In comparison with the tunnel face unloading without
vibration (Fig. 7), a notably different development of o,
can be noticed when a vibration with a velocity amplitude
of 0.5 mm/s and frequency of 50 Hz is applied on the tun-
nel face. As shown in Fig. 10, a sharp decrease of g, with
the slight retraction of the support plate takes place in
the first stage as that happens in the static condition. Nev-
ertheless, the o, fluctuates significantly (from 0.16yD to
0.38yD) in the second stage after the tunnel face fails. This
phenomenon can be attributed to the repeated unloading
and loading (push force) of plate on the ground ahead.

For shield tunneling, the resultant stress state of front
ground might become slightly active (unloading) or passive
(loading) state near the static state induced by the fluctuat-
ing plate pressure. In this study focusing on the coupling
effect of unloading and vibration, the consideration of push
force will make the failure timing and LSP of the tunnel
face under vibration hard to be determined. To avoid the
interference of push force, each data point whose s is smal-
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Fig. 10. Development of support pressure under vibration with a velocity
amplitude of 0.5 mm/s and a frequency of 50 Hz.

ler than its former point (namely, the support plate is mov-
ing toward the tunnel face, and the tunnel face is being
pushed) is deleted from the curve of oy versus s. Then,
the remaining data points are interpolated according to
the displacement data in the static case. The adopted inter-
polation method is the Akima Spline Method, which is a
continuously differentiable sub-spline interpolation method
built from piecewise third order polynomials. Since only
data from the next neighbor points is used to determine
the coefficients of the interpolation polynomial, this
method is computationally efficient and would not lead
to unnatural wiggles in the resulting curve. After interpola-
tion, the curves are smoothed by the adjacent-averaging
method, which takes the average of a specified number of
data points around each point in the data, and replaces
that point with the new average value.

The interpolation results and smoothing results of all
cases are displayed as scatters and curves respectively in
Fig. 11, so as to further explore the difference of o, devel-
opment under different conditions. Via comparison, an evi-
dently larger LSP and a hysteresis of tunnel face failure can
be observed when vibration is applied on the tunnel face.
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Fig. 11. Processed development curves of support pressure under different
conditions.
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Meanwhile, a higher vibration frequency or a greater vibra-
tion velocity amplitude, which means the vibration is stron-
ger, can give rise to a larger LSP and a more notable
hysteresis of tunnel face failure. When the velocity ampli-
tude and the frequency of the vibration are 3 mm/s and
50 Hz, the LSP reaches 0.28yD (1.4 times as the LSP in sta-
tic case). These phenomena indicate more attention should
be paid on the maintenance of oy when shield tunnelling in
the ground which is apt to motivate intensive vibration on
the cutterhead. Meanwhile, the operating parameters of the
shield, especially the rotation speed of the cutterhead and
the thrust force and speed of the shield, are necessary to
be controlled in a reasonable range to alleviate the vibra-
tion and ensure the stability of the tunnel face.

2.2.3 Soil arching effect under vibration

The arching effect exists widely in geotechnical applica-
tions like piled embankments (Rui et al., 2019), tunnels (He
et al., 2023; Wu et al., 2019) and retaining walls (Fan et al.,
2023; Tangjarusritaratorn et al., 2022). In the analytical
methods for calculating the LSP proposed before (as enu-
merated in the introduction), many attempts were made
to introduce the arching effect in their formulations. The
LSP acquired by these methods exerted the benefit of soil
arching effect on tunnel face stability. However, differences
on the development of the soil arching effect may be
brought, when vibration is applied on the tunnel face.

Figure 12 presents the distributions of horizontal and
vertical stress in sandy ground affected by the tunnel face
unloading under different vibration conditions (recorded
by the measurement circles mentioned in Section 2.1.2,
when s/D = 1%). As compared to the ideal initial stress
(straight line obtained by linear fitting), similar variations
of all these curves could be observed. As a result of tunnel
face unloading, the horizontal stress increases gradually
from the ground surface and dropped rapidly when getting
close to the tunnel crown. In the static case, the maximum
horizontal stress reaches 3.6 kPa (0.7D above the tunnel
crown), which is approximately 1.6 times as the initial

g, (kPa)
0 0.9 1.8 2.7 3.60

stress at the same depth. Simultaneously, curve of the ver-
tical stress deviates from the initial stress at a location of
about 1.5D from the tunnel crown and barely grows
regardless of the increase of depth. This phenomenon pro-
vides strong evidence that the direction of major principal
stress deflects from vertical to horizontal under the effect of
soil arching, and passes to the adjoining stable ground.
Consequently, the stress acting vertically on top of the tun-
nel is 76% smaller than the initial stress.

When the vibration is added on the support plate, the
peak of horizontal stress decreases significantly, which indi-
cates the weakening of the soil arching effect. Meanwhile,
the vibration with a greater velocity amplitude tends to
have greater damage on the soil arching effect, thereby lar-
ger stresses would transfer onto the location of the tunnel
crown. As compared to the static case, the peak of horizon-
tal stress reduces by 20% and the vertical stress increases by
16% when A, = 3.0 mm/s, /' = 50 Hz. As a consequence, a
larger support pressure should be imposed on the tunnel
face for stability maintenance as mentioned in Section 2.3.1.
However, there is no obvious pattern of changes in soil
pressure under different cutterhead vibration frequencies.
This phenomenon indicates that the effect of cutterhead
frequency is relatively small in the range of 0-50 Hz (the
frequency of cutter vibration in the soil ground as in-situ
measurement). Although the variation in frequency can
affect the stability of the ground right ahead of the tunnel
face and thereby increase the LSP, the arching effect emerg-
ing at a certain distance from the tunnel face, where the
vibration amplitude has attenuated significantly, can
hardly be affected.

2.2.4 Loosening zone under vibration

The loosening zone which is incurred by tunnel face
unloading, not only plays an important role in the theoret-
ical calculation of LSP, but also is a key index for evaluat-
ing the disturbing of shield tunnelling to the ground surface
and environment around. Thus, in order to investigate the
influence of vibration on the loosening zone, the nepho-
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Fig. 12. Stress distributions ahead of the tunnel face.
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Fig. 13. Ground settlement induced by tunnel face unloading under different situations.

grams of particle settlement when the displacement of the
support plate reaches 6 mm (6%D) in all cases are exported
from PFC (Fig. 13).

During the unloading of tunnel face, particles settle with
the increase of plate retraction distance s and form the
loosening zone. Evidently, the settlement of particle is close
to s when the particle is right ahead of the support plate,
while decrease with the increase of distance between the
particle and tunnel face. When the distance is far enough
from the tunnel face, the particle will stay still and s has
no effect on this zone which can be called stable zone. On
the other hand, the loosening zone indicate the zone where
particle settle under the tunnel face unloading. Ideally, the
zone where settlement exceeds 0 should be regarded as
loosening zone. However, because of the calculation error
in PFC simulation, slight displacement takes place ran-
domly on individual particle regardless of its position and
cause abnormal dispersion of the loosening zone. Referring
to Lai et al. (2018), to exclude the outlier for the clear dis-
tinguishment of the loosening zone and the stable zone, a
suitable settlement value exceeding 0 should be chosen
according to the calculation error and the sizes of bound-
ary and particle. In this study, the particle with a settlement
exceeding 0.5 mm which is relatively small (equals to (1/12)
s and (5/24)Ds) is deemed to be located in the loosening
zone. As depicted in Fig. 13, the loosening zones in all cases
are in the shape of a chimney, and can be simplified as a
wedge-prism shape (Chen et al., 2015). Under the effect
of the vibration from cutterhead, the movements of parti-
cles in the ground are further motivated, which makes
the loosening zone in the dynamic cases apparently wider
than that in the static case. Although the correlation
between the loosening zone width and the vibration fre-

quency is not so evident, it is notable that the width of
the loosening zone rises along with the increase of vibration
velocity amplitude. When the velocity amplitude of the
vibration is 3 mm/s, the width of loosening zone reaches
110.3 mm, which is 25% larger than that in the static case
(88.5 mm). Nevertheless, the loosening zone height shows
limited association with the vibration characteristics. This
phenomenon may be attributed to the attenuation of vibra-
tion during its propagation in the ground (Rallu et al.,
2023) which implied that less impact would be imposed
on the upper part of the loosening zone when it develops
far enough.

3 Analytical analysis

The above DEM simulation results show that the failure
mode of tunnel face is similar to those classical wedge-
prism forms (Anagnostou & Perazzelli, 2013; Chen et al.,
2015), but the LSP and the size of loosening zone are sig-
nificantly affected by the cutter vibration. Therefore, it is
indeed necessary to develop an analytical method to
account for the vibration effects for the sake of convenience
in practical engineering calculations.

3.1 Improved analytical model

Based on the limit equilibrium theory, the wedge-prism
model divides the loosening zone into a wedge body ahead
of the excavation face and a prism body above the wedge
(Fig. 14). In these two bodies, horizontal slices are adopted
for the derivation of the stresses. Referring to previous lit-
erature about seismic earth pressure on the retaining wall,
the pseudo-dynamic method is adopted for the dynamic
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analysis in this study (Chen et al., 2022; Pain et al., 2017).
The inertial forces induced by the cutterhead vibration are
incorporated in the limit equilibrium analyses of the soil
units (horizontal slices), so that the solution of the LSP
under cutterhead vibration could be obtained.

It should be noticed that the loosening zone height H
(Fig. 14) adopted in the LSP solution is at the limited state
of the tunnel workface. However, H at the limited state is
difficult to decide without a tunnel workface unloading
test. Considering that the LSP at the final stable state is
identical to or slightly larger than the LSP at the limited
state in numerous model tests (Ahmed & Iskander, 2012;
Idinger et al., 2011; Kirsch, 2010; Liu et al., 2018), the
H = C at the final stable state (the loosening zone would
finally develop to the ground surface in cohesionless soil)
is used for the LSP calculation in this study. By the same
token, the pressure ¢; acting vertically on the upper face
of loosening zone should equal to the surface loading ¢,
(at the final stable state).

To acquire the pressure ¢, on top of the wedge, vertical
equilibrium of the horizontal slice should be analyzed first.
In the traditional wedge-prism model, vertical forces
afforded by the slice include the vertical forces acting nor-
mally on the upper and lower surfaces, the self-weight of
the slice and the frictional forces acting on the sliding sur-
faces which can be expressed as Eq. (4).

o = K'ol, tan g, (4)

where o' is the average vertical stress in the prism zone; Kt
is the lateral pressure coefficient in upper convex principal

stress trajectory, which was given by Chen et al. (2015) as
follows:

K cos20, + K,sin>0, (5)
11— K,)sin’0p + K, '

where 0 is the angle between the level and the plane of
major principal stress on the slip surface of the loosening
zone, which is equal to ¢/2 + 45°; K, is the active pressure
coefficient which can be given as follows:

K, = tan? (E — &). (6)

Except for the forces in the classical model, the vertical
inertial force acting on the centroid of the slice is added to
consider the impact of cutterhead vibration. Considering
that the width of the prism L is thin, acceleration in the
prism zone is deemed to be uniformly distributed in the
horizontal direction for simplicity. The average vertical
acceleration amplitude of a slice with a certain vertical dis-
tance from the centre of the cutterhead can be obtained by
integration as follows:

Ay ave = a_ﬂ /L [‘fr() (xl +y,2)7% + \/’TO<1 — é)(xz +y/2)7ﬂ 67/1(\/@7’“) dx,
LJ,
()
where )’ can be expressed by Eq. (8).
YV =D/2+H -y, (8)

where y; is the vertical distance from top of the loosening
zone to the slice.

Since the integral in Eq. (7) has no explicit solution, f1(x)
and f>(x) are expanded as a Taylor series at y; = 0, and the
following solutions can be obtained:

1

fl (x) = (xz +y’2)_%e’f°‘(\/m*’0) = ;e*ffx()”*ro)’ (9)
frx) = (xz +y/2)_%e*foc(\/x_2:)ﬁ—m) _ %yef'd(y’ro). (10)

Substituting Egs. (9) and (10) into Eq. (7), Eq. (11) for
the vertical acceleration of a slice in the prism zone can
be obtained, and the inertial force of the slice (the product

of mass and acceleration) can be calculated
correspondingly:
L
a :
e =2 [ [erof )+ VA1 = O
0
:aoef.aﬁr’ro)|:£F_?+(]_5) r_(:] (11)
Y Y

Incorporating the inertial force into the equilibrium con-
dition of vertical forces on the slice, a differential equation
can be established (Eq. (12)). Then, Eq. (13) can be derived
by solving the differential equation and substituting Eq.
(11) into the solution.

dot, 2K'tang, Y
av —y4? 12
dyl + L Oav Y+ gayave’ ( )
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{or2 [[ra-a /2] b,
(13)
where Q is an integral constant. Similarly, the first two

items of the Taylor series at y; = 0 of the f3(y;) in Eq.
(13) are adopted to get the close solution Eq. (14).

7o

. _ o o <2Kf_lzwd+fz>y1*sz
fsn) = 57},0_,'_H_y1+(] 9] r()—‘rH—yJe
=&+ &+ EEm]e ™,
(14)
where
e L LIy (14-1)
2K" tan ¢ 1
52 —fO( + L 2(7‘0 I H) ) (1472)
éro
= >’ 14-3
s 2ro + H) (14-3)

Thereby, the following equation can be obtained by sub-
stituting Eq. (14) into Eq. (13).

¢ VL
o-av - f
2K" tan ¢4

2kT tan [
——T1 i —foeH

(& + 5152))’% €

aop Y ao
+ 10, +y—¢y,+=—
1 g 11 g

2
(15)

Additionally, the integral constant Q; can be derived
according to the boundary condition thate!, = ¢; when
y1 =0 (Eq. (16)). So that the solution of the average verti-
cal stress in the prism zone can be expressed as Eq. (17).

The pressure ¢, acting on the top of the wedge zone can
be obtained when y, is equal to H:

o= (ql _ﬁ;%%m’ (16)
o, = g (1= ) g

+ V% {51)’1 + % (& + éléZ)y{| e’myﬁfﬂ&” (17)
9, = #‘jﬂ(pd (1 — eZKleMdH) n qle*ZKleMdH

2" tan g4 .
JF“/% [51H+;(§3+51§2)H2}e ( e )H~ (18)
Identically, the vertical stress in the wedge zone can be
solved via the equilibrium analysis of the horizontal slices.
Based on the theory proposed by Wu et al. (2022) the fric-
tion between the wedge and the cutterhead can be
expressed as follows:

™ = K"6", tan é, (19)

where 0 is the friction angle between the cutterhead and the
wedge; o), is the average vertical stress in the wedge zone;
KY is the lateral pressure coefficient in lower convex princi-
pal stress trajectory, which can be derived by Eq. (20)
according to Wu et al. (2022).

cos20y + K,sin>0,

KY =
K, —1(1 — K,)cos26y’

(20)

where 60, should be calculated by Eq. (21) for the partial
exertion of the friction between the cutterhead and wedge.

(1-K,)+ \/(1 — K,)* — 4K, tan%5
2K, tan

0y = arctan (21)

Similarly, the inertial forces in the slices in the wedge
zone should be incorporated. Considering that the distance
between most points in the wedge zone and the centre point
of the cutterhead is less than ry, the attenuation of vibra-
tion can be neglected in the wedge zone. Thus, the horizon-
tal acceleration amplitude of the slice in the wedge zone is
equal to the acceleration of the cutterhead (Eq. (22)).
Meanwhile, since the motion trajectory of the wedge
should follow the slide surface, the vertical acceleration
amplitude can be expressed as Eq. (23).

al = ay, (22)

ay = aptan o, (23)
where o is the angle between the slip surface and the level.
Under static condition, w is supposed to be ¢/2 + 45°
according to the Mohr circle theory (Wu et al., 2022).
However, as mentioned in Section 2.3.3, the width of the
loosening zone would increase (i.e., the @ would decrease)
along with the increase of the vibration amplitude. To
obtain the relationship between the decrease of w under
cutterhead vibration and the vibration amplitude, a linear
fitting is conducted as Fig. 15, where wg,. denotes the o
under static state. Hence, the w under cutterhead vibration
can be calculated as Eq. (24). It is noteworthy that this con-
cise equation only applicable to the sandy ground analyzed
in this study, and more model tests or numerical simulation
should be conducted to derive more sophisticated equa-
tions which are applicable to other circumstances.

o= qu/2 + 45° —7.2a9 (24)

Via incorporating the inertial force, a differential equa-
tion for the equilibrium of the slice in wedge can be set
up as follows:
do} 4 &y

av

W y w w
—oaV:“H——[a +a; cot(w — ¢ }, 25
O, D), pke (@ = ¢q) (25)

where y» is the distance from the top of the wedge to the
slice; &4 is a parameter which can be expressed as follows:

& = K"[tan o + cot (w — ¢y)] tan w. (25-1)
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The average vertical stress in the wedge zone is obtained
by solving Eq. (26).
op = 02(D — J’z)i4
(D = y,) {aotanw+aocot(w—(pd) N 1} (26)
G —1 g
Based on the condition that ¢, = g», when y, = 0, the
constant O, can be obtained, and Eq. (26) can be trans-
formed as Eq. (28).
yD [ao tan w + ay cot (0 — @) N 1} }Di“
&i—1 4

0, = {qz -
(27)

" D—y,\*
O-av:q2< D 2)

+7(D—J’2) [1 _ <D ;J@)él} {ao tan w + ag cot (w — @) n 1}

&1 4
(28)

Consequently, the LSP can be obtained by multiplying
Eq. (28) by the horizontal lateral pressure coefficient. Fur-
thermore, by integrating the LSP along the depth and then
dividing the integral result by D, the average value of LSP
can be derived as follows:

1 D
Oslim = B‘/U Kw(r:vdy’l

v @ 1 1 > yD [ao tan w + ag cot (w0 — @q) }}
=K +(5— . +1] %
{544‘1 (2 &G+1)é6G -1 g

3.2 Analytical model validation and parametric study

To evaluate the validity of the established analytical
approach, a comparison is conducted on the normalized
LSPs obtained from the numerical simulation and the pro-

posed formula. All the parameters adopted in the analyti-
cal calculation are consistent with numerical simulation.
As can be observed in Fig. 16, the result from the classical
analytical method without considering the effect of cutter-
head vibration (yellow dot-dash line) notably underesti-
mates the LSP, and the underestimation would increase
remarkably with the rise of the cutterhead acceleration
amplitude. This underestimation would largely threaten
the safety of engineering and the surrounding environment.
Nevertheless, by taking the effect of vibration into account,
larger LSPs which agree well with the numerical results can
be obtained by the proposed analytical method. Although
slight errors can be observed between the results from the
analytical calculation and the numerical computation, the
largest error rate, which emerges when the velocity ampli-
tude is 0.5 mm/s and the frequency is 5 Hz, is less than
5.2%. Besides, the calculated LSP grows linearly along with
the increase of cutterhead acceleration amplitude, and
becomes larger when the vibration frequency gets higher.
This is also consistent with the regularity presented by
the numerical results. Hence, the cutting edge of the estab-
lished analytical model in estimating LSP under cutterhead
vibration is validated through the comparison. Although
the analytical model has not been directly validated by
the experiment, the theoretical study in this paper still shed
new light on the coupling effect of unloading and cutter-
head vibration on the tunnel face, and its results can act
as a good premise for the design and analysis of the corre-
sponding model tests in the future plans.

Additionally, the impacts of the covered depth and the
internal friction angle on the tunnel face stability which is
bearing cutterhead vibration are revealed in Fig. 17. It
should be noted that Fig. 17 adopts the internal friction
angle under the static state as the horizontal axis. For sim-
plicity, the decrement of internal friction angle under vibra-
tion with different frequencies is supposed to be constant
and equal to that obtained in Section 3.2.1. Evidently,

0.35 T T T T 16
0O 4,=0.5 mm/s, /=5Hz O A4,=0.5mm/s, /=30 Hz
A,=0.5 mn/s, =50 Hz vV A,~=1.5 mm/s, /=50 Hz

) %* A4,=3.0mm/s, /<50 Hz  (Numerical results)
E O30T —f5H, - -/30Hz 12
o /=50 Hz (Proposed analytical method) * _ &
) Error rate - P
— g
9 0.25 - 8 &
N =32°0=0.2¢ E
g L E<52% &0.8 (/D=2 i
S
Z 020 z W% ,— Classical analytical method 14

015 1 1 I 1 1 1 % 0

0 0.028 0.04g 0.068 0.088 0.1

Acceleration amplitude of cutterhead, a,

Fig. 16. Variation of LSP along with the acceleration of cutterhead under
different vibration frequencies.
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Fig. 17. Variation of LSP along with internal friction angle under different
cover depths and vibration frequencies.

the LSP decreases significantly when the internal friction
angle gets larger, but increases with the growth of the cov-
ered depth or the vibration frequency. The maximum LSP
(close to 0.9yD) appears when C/D = 0.4, f = 50 Hz and
¢@ = 15°, while the minimum LSP is around 0.1 when C/
D = 0.1, f =5 Hz and ¢ = 45°. Meanwhile, the difference
between LSPs under different C/D and f can be remarkably
reduced by the increase of ¢ (from 0.44yD to 0.04yD).
These indicate that ground with high strength could effec-
tively alleviate the adverse effect brought about by the
vibration and the covered depth via forming a stronger soil
arch. Conversely, when a shield tunnels in soft ground,
influences from the cutterhead vibration and the covered
depth should be paid more attention to.

4 Discussions
4.1 Effect of cutterhead vibration on tunnel face ground loss

In order to meet environmental protection requirements
getting stricter nowadays, the support pressure on tunnel
face not only needs to maintain the stability of ground,
but also to reduce the ground deformation that occurs
before the limit state is reached. Based on field measure-
ments, ground deformation in tunnelling can be attributed
to the ground loss induced by over-excavation (Clough
et al., 1983; Rowe & Kack, 1983). Under static condition,
the ground loss of the tunnel face can mainly be estimated
by its volume extruding into the tunnel because of the
insufficient support pressure. Chen et al. (2019) and Wu
et al. (2022) have assumed that the loosening zone is a
wedge-cylinder-hemisphere and an ellipsoid respectively,
and established a quantitative relationship between the
ground loss and the size of the loosening zone and the level
of earth pressure via soil volume bulking factor.

The promotion of vibration on particle motion has long
been a concern in the discharge of granular material from a
hopper, which is a common occurrence in various indus-

tries. A vibration with certain amplitude and frequency
can change the flow pattern of the particles, thereby unjam-
ming the hopper and accelerate the discharge (Hunt et al.,
1999; Janda et al., 2009). Thus, being similar to the dis-
charge of a horizontal hopper, additional ground loss
may take place under vibration, even if the support pres-
sure is equal to the earth and water pressures on the tunnel
face, especially in granular ground. Wu (2015) initiatively
studied the influence of train vibration on the ground set-
tlement induced by tunnel face ground loss by a series of
model tests. The results indicated that the development of
ground settlement with the displacement of tunnel face
would remarkably accelerate under train vibration and a
larger cutterhead opening ratio can further increase the set-
tlement. Further, as presented in Fig. 13, the loosening
zone size increases remarkably with vibration amplitude
under the same unloading level. It proves that cutterhead
vibration is also a key parameter that needs to be moni-
tored and controlled when tunnel crossing sensitive envi-
ronment. The investigation on quantitative description of
relationship between cutterhead vibration, tunnel face
ground loss and loosening zone is anticipated to be con-
ducted, so as to provide a reference for the practice of tun-
nel crossing engineering.

4.2 Effect of ground water on tunnel face under cutterhead
vibration

In sandy ground which possesses high water content, the
buoyancy, seepage, and lubrification effects of water will
undoubtfully enhance the mobility of sand particles and
undermine the stability of sand structure. Lv et al. (2018)
and Chen et al. (2018) confirmed that the loosening zone
induced by tunnel face unloading in saturated sand is sig-
nificantly larger than that in dry sand via lg model test
and centrifugal model test, respectively, and the influence
becomes larger with the raising of water level. Quantita-
tively, according to Lv et al. (2018), the LSP in saturated
sand under undrained condition is about 3.3 times of that
in dry sand, while the LSP under seepage condition exceeds
4.6 times of that in dry sand. Apparently, vibration which
can obviously increase the pore water pressure (Tang et al.,
2008; Wu et al., 2023) will further weaken the stability of
tunnel face and aggravate the ground loss.

In sandy ground which possesses low water content, the
apparent cohesion produced by suction can contribute to
the stability of ground. Song et al. (2018) and Dziuban
et al. (2018) all found in model tests that unsaturated sandy
ground would produce a void (which indicates the forma-
tion of self-stabilized arch above) above the loosening zone
during unloading. However, this strengthening effect on
ground stability seems not reliable since the apparent cohe-
sion can be significantly affected by the water content,
which is volatile in practical construction. On the contrary,
the unsaturated sandy ground which cannot directly reflect
the ground loss by the response of ground surface may
severely disturb the judgement of engineers and operators.
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The cutterhead vibration not only promotes the migration
of gas and water in the ground, but also weakens the stabil-
ity of the soil arch. Once the self-stabilized arch reaches its
limit state, the upper layer will collapse suddenly. This will
result in more serious consequences than the progressive
ground deformation in dry or saturated sandy ground.

The ground water has complex and significant impact
on the tunnel face stability and ground loss under cutter-
head vibration in sandy ground. Nevertheless, to give dee-
per insight into the influence of ground water, the response
of tunnel face in dry sand should be grasped firstly as the
premise of comparative analysis. Although the effect of
ground water is temporarily neglected in this study, the
results can still provide useful reference to the tunnel con-
struction in dry sandy ground and lay a solid foundation
for the further investigation.

4.3 Influence factors of cutterhead vibration

To sum up, it is obvious that the cutterhead vibration is
detrimental to ground stability and environmental protec-
tion, and the severity increases with the increase of ampli-
tude and frequency of vibration. So, the vibration of
cutterhead should be carefully controlled during tunnel
construction. As the in-situ measurement reported previ-
ously (Table 1), the two dominant influence factors of cut-
terhead vibration are the ground strength and the shield
operation parameters.

Generally, a harder ground will increase the difficulty of
excavation, and the amplitude of cutterhead vibration
induced by excavation would increase as a consequence.
Accordingly, cutterhead usually vibrates intensively when
tunnelling in hard rock ground, while produces relatively
weak vibration in soft soil ground. However, problem of
tunnel face stability tends to take place in soft soil ground
instead of hard rock ground. Meanwhile, the analytical
results in Section 3.2 also show that the impact of vibration
on LSP would be weakened with the increase of ground
strength. Hence, under waterless condition, the disturbance
of cutterhead vibration on the tunnel face is most severe in
hard-soft heterogeneous ground. On the one hand, inten-
sive vibration will occur when cutterhead cutting hard
rock. On the other hand, the cutterhead vibration will act
on the soft soil and undermine its stability, leading local
failure on the tunnel face. Therefore, taking into account
the widespread nature of hard-soft heterogeneous ground,
the disturbance of cutterhead vibration on the tunnel face
in this type of ground is also one of the potential research
topics in the future.

For operation parameters, the existed studies mainly
focus on cutterhead rotation speed, thrust force, penetra-
tion rate and cutterhead torque. The cutterhead torque is
a passive parameter which reflects the difficulty in excavat-
ing ground, so a positive relationship often exists between
the cutterhead torque and the cutterhead vibration. The
cutterhead vibration also increase with the cutterhead rota-
tion speed, thrust force and penetration rate which can be

actively controlled by operators. So, when tunnelling
across environments where cutterhead vibration needs to
be strictly controlled, the advance speed of shield machine
and the rotation speed of cutterhead should be appropri-
ately slowed down. In addition, optimization of the cutter-
head configuration and the installation of vibration
absorbers can also reduce cutterhead vibration to a certain
extent.

5 Conclusions

In this paper, attempts were made through calibrated
DEM simulation and analytical calculation to study the
tunnel face disturbed by the coupling effects of unloading
and cutterhead vibration. Major conclusions can be drawn
as follows:

(1) The vibration can induce significant strength reduc-
tion and motion of the sand. As presented by the
dynamic biaxial compression test, the friction angle
of the adopted particle assembly decreases with the
increase of loading amplitude and frequency. Mean-
while, the particle in the ground would move along
the same wave form as the cutterhead, but the ampli-
tude of velocity decreases with the increase of the dis-
tance from the vibration source. With two
exponential functions dynamic friction angle and
vibration attenuation coefficient which have nonneg-
ligible impact on the ground stability are obtained by
fitting.

(2) When suffering the cutterhead vibration, the g, will
drop sharply in the first stage, and fluctuate by a
range of 0.22yD in the second stage. After eliminating
the interference of the support plate reloading, the
LSPs under different vibrations can be obtained.
When a vibration is applied, the failure of the tunnel
face would be delayed and the LSP would increase by
40% at most with the frequency and amplitude of the
vibration as compared to that in the static state.

(3) With the unloading of the tunnel face, the soil arching
effect reflected by the variation of horizontal and ver-
tical stress distribution could be observed above the
tunnel crown in all cases. Nevertheless, the soil arch-
ing effect undermined by the vibration of the support
plate. The extent of the soil arch weakening is pro-
portional to both the frequency and amplitude of
the vibration. As compared to that in the static case,
the peak of horizontal stress can decrease by 20% at
most, while the increase of stress acting vertically
on top of the tunnel is up to 16%.

(4) In the static case, a chimney-shaped loosening zone
emerges with the tunnel face unloading. Under cut-
terhead vibration, although the variations of the
shape and height of the loosening zone are negligible
due to the vibration attenuation, the width of the
loosening zone increases remarkably (25% larger than
that in the static case) with the vibration amplitude.
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(5) By incorporating inertial forces in the force equilib-
rium analysis, an improved analytical model is pro-
posed for predicting LSP under the cutterhead
vibration. The calculation results from the new ana-
lytical method well coincide with those from numeri-
cal computation (the error rate is less than 5.2%), so
the reliability of the proposed model is confirmed.
The further comparison reveals that the calculated
LSP from the proposed model would increase with
the increase of vibration amplitude, vibration fre-
quency and covered depth but decrease with the
increase of internal friction angle.

In addition, ground loss and ground water can also be
remarkably affected by cutterhead vibration, thereby jeop-
ardizing the safety of construction. Meanwhile, the tunnel
face in soft-hard heterogeneous ground, where stability
problem and intensive cutterhead vibration exist simultane-
ously, may be more vulnerable. This study of tunnel face
stability under cutterhead vibration in dry sand can not
only lay a solid foundation for the further investigation
in these issues concerned above, but also provide meaning-
ful references for the control of environmental disturbance
in practical engineering.
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