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Abstract 

Twin-tunnel construction inevitably interacts under complex geological conditions, inducing highly complex hydraulic-rock-structure 
interactions. This study proposes a micro-electro-mechanical systems (MEMS)-based automatic monitoring system for in-situ measure-
ment of rock and structural responses. It measures pore pressure, earth pressure, rock displacement, and additional stress and displace-
ment of segments. Test results reveal three evolutionary stages: pre-shield arrival, shield passage, and post-shield passage. The final 
distribution and disturbance extent of these responses correlate with tunnel distance. A 3D refined numerical model incorporating
the fluid–solid coupling and detailed construction process is developed. Numerical results analyze excess pore pressure, vault settlement,
lining response, and key construction parameter effects (face and grouting pressure). Findings enhance understanding of twin tunnel
interactions and hydraulic-rock-structural response mechanisms, providing insights for similar projects.
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1 Intr oduction

Rapid urbanization and population growth have driven 
extensive underground infrastructure development (Guo 
et al., 2021; Xie et al., 2021). At present, subway tunnels
(Zhang et al., 2022; Jiang et al., 2021), water/power net-
works (Almheiri et al., 2021; Awaga et al., 2024; Barla &
Insana, 2023), and defense projects, etc. occupy significant 
underground space. Earth pressure balance shield (EPBS) 
tunnelling is preferred for urban tunnels owing to its mech-
anization, speedy construction, geological adaptability,
and environmental benefits (Cheng et al., 2019; Yin et al.,
2018). Closely spaced twin tunnels are increasingly used 
to optimize investments and spatial layouts (Chortis & 
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Kavvadas, 2021; Zheng et al., 2021). Interactions between 
adjacent twin tunnels are inevitable during construction
(Chen et al., 2015; Gao et al., 2017). The disturbances to 
the surrounding rock, pore pressure, and reduced struc-
tural capacity in existing tunnels pose critical risks. These 
factors risk damaging new/existing tunnels and degrading 
serviceability, especi ally in high-pore-pressure environ-
ments. Thus, analyzing hydraulic-rock-structure responses
in twin-tunnel construction is critical for geotechnical
engineering.

pressure and existing tunnel responses (Bezuijen et

Given geological complexity and EPBS-rock interac-
tions, in situ monitoring effectively captures twin-tunnel 
interacti on. Prior work focuses on excavation-induced
ground displacement (Islam & Iskander, 2021; Wang
et al., 2019). Furthermore, deep soil displacements (verti-
cal/lateral) are also tracked via surface boreholes
(Clayton et al., 2006). In-situ studies have examined pore
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2001). Many studies reported monitoring pore pressure dis-
tribution during shield tunnelling via the hydrometer
method (Han et al., 2017; Wan et al., 2019). Structural 
responses in existing tunnels include stress/deformation
monitoring (Chen et al., 2018; Liu et al., 2022). Lining 
stress is typically monitored via strain gauges embedded
during fabrication (Rauch & Fischer, 2024;  H  . Wu et al.,
2024). Lining deformation is assessed using precision level -
ing or total stations (S. Wu et al., 2024). However, tunnel 
size, length, and poor lighting hinder these labor-
intensive approaches. Incomplete field monitoring data 
necessitate numerical modeling. Numerical simulations
effectively analyze strata deformation and tunnel interac-
tions (Do et al., 2015). Studies employing finite element/ 
finite difference methods-based 3D models invest igate
shield-induced strata deformation (Gu et al., 2024; Jia
et al., 2024), pore pressur e (Cui et al., 2023; Li et al.,
2024), and lining responses (Allahverdi et al., 2023;
Zheng et al., 2023). Numerical simulation accuracy 
depends on selecting an appropriate constitutive model 
and parameters. Underground engineering must consider 
true 3D stress states and adopt a compatible constitutive
model, often overlooked in prior studies (Wang et al.,
2023). Incorporating EPBS components and a detailed 
construction process is crucial for accurate shield tun-
nelling simulations.

The literature review indicates that Traditional methods 
face challenges in multi-parameter tunnel monitoring. 
MEMS-based sensors offer innovative solutions for multi-
parameter monitoring. These sensors are compact, light-
weight, precise, low-cost, energy-efficient, and highly 
integrable. Wireless compatibility further supports real-
time automated monitoring. Given field monitoring limita-
tions, comprehensive 3D numerical models integrating
EPBS-hydraulic-rock-structure coupling are essential for
analyzing twin-tunnel construction responses.

This paper introduces MFAS-TunRS, an innovative 
MEMS-based fusion automatic monitoring system for 
multi-parameter rock and structure monitoring in shield 
tunnels. An in-situ scheme monitors hydraulic-rock-
structural responses in closely spaced twin tunnels. It 
tracks stress, deformation, and pore pressure in the sur-
rounding rock, as well as additional stresses and displace-
ments in the existing tunnel. A 3D refined numerical
model of EPBS-hydraulic-rock-structure coupling is estab-
lished to analyze hydraulic-rock-structural responses to
construction perturbations and the effects of face and
grouting pressures. These findings offer guidance for twin
tunnel safety control and existing tunnel protection.

2 Project descripti on

2.1 Site condition s

The Huangniupu-Huangjiang Center tunnel on Dong-
guan Metro Line 1 is in Huangjiang Town, Dongguan, 
Chin a. It spans approximately 3.1 km in a north–south ori-
entation, mainly enclosed by mountains (Fig. 1(a)). The 
study area comprises two parallel tunnels (left tunnel 
(LT) and right tunnel (RT)) spaced 14 m apart. To study 
rock and segmental lining behavior under deep burial
and high pore pressure, the test site is set at Daling Moun-
tain, the project’s deepest section (Fig. 1(b)). The test sec-
tion layout is shown in Fig. 1(c). The strata comprise 
four layers from the surface downward: plain fill, com-
pletely weathered sandstone, strongly weathered sand-
stone, and strongly weathered calcareous sandstone. The
tunnels traverse strongly weathered calcareous sandstone
at a 50 m burial depth, with groundwater at 21.5 m. Table 1 
presents formation parameters from drilling and lab tests.

2.2 Shield tunnel conditions

The tunnel features a circular profile with an outer 
diameter of 6700 mm and an inner diameter of 6000 mm. 
The lining, measuring 35 cm in thickness and 1.5 m in
width, consists of segments connected via staggered joints
arranged in a ‘‘3 + 2 + 1” configuration (Fig. 2(a)). These 
segments are secured with M30-grade bending bolts, utiliz-
ing a total of 28 bolts per ring. Engineered with C50 con-
crete, the segments achieve an impermeability grade of 
P12. Construction employs two EPBS machines, each
equipped with an excavation diameter of 6980 mm, and a
main machine length of 9 m (Fig. 2(b)).
3 In-situ monitor ing

3.1 Composition of the MFAS-TunRS autom atic monitoring

system

An automatic monitoring system, namely MFAS-
TunRS, using MEMS sensors and wireless transmission 
technology, was designed to monitor shield tunnel rock
and structural response. The MFAS-TunRS system
(Fig. 3) consists of four components: segment and rock 
monitoring units, an intelligent gateway, and a data pro-
cessing computer. The segment monitoring unit incorpo-
rates stress and tilt/displacement sensors. The stress 
sensor, with a high-precision strain gauge, transmits sur-
face stress via a steel sheet fixed on the segment. The tilt/ 
displacement sensor, with a triaxial accelerometer and 
magnetometer, measures segment tilt and joint displace-
ment. The rock monitoring unit integrates displacement, 
pore pressure, and stress sensors, all encapsulated within 
a protective cover to ensure stability. The displacement 
sensors, with a triaxial accelerometer and magnetometer,
monitor continuous formation displacement via data
fusion. The piezoresistive sensor measures pore pressure
(up to 3 MPa), while strain gauges detect earth pressure
changes. Multiple rock monitoring units are interconnected
via a three-degree-of-freedom hinge mechanism to form a
linear measurement array within a single monitoring hole.
Communication within the hole is facilitated by the RS-485
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Fig. 1. General geological information of twin tunnels. (a) Location of study area, (b) plan of Dongguan Metro Line 1, and (c) profile view of monitoring
section.

Table 1 
Physical and mechanical parameters of strata in the study area.

Strata Density (kg/m3 ) Compressive 
modulus (MPa)

Cohesion (kPa) Friction angle (°) Permeability coefficient 
(m/d)

Plain fill 1900 – 5 10 0.5 
Completely weathered sandstone 1970 40 25 24 0.1 
Strongly weathered sandstone 2000 80 40 25 0.5 
Strongly weathered calcareous sandstone 2600 200 150 30 0.5 
protocol, while data transmission between boreholes 
employs the LoRa wireless protocol. These units relay data 
to an intelligent gateway, which forwards it to a data pro-
cessing computer for analysis and interpretation. It is 
worth noting that the sampling frequency in this study is
set to once every two minutes. The synchronization of
multi-node monitoring is achieved through absolute times-
tamps. Each dataset obtained from a monitoring node is 
assigned an absolute timestamp, and all data from multiple 
nodes are collectively transmitted to the wireless gateway. 
By utilizing ab solute timestamps, synchronization across
multiple nodes is ensured. The technical parameters of
the MFAS-TunRS automatic monitoring system are sum-
marized in Table 2.
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Fig. 2. Schematic diagrams of (a) segmental lining, and (b) EPBS machine.
3.2 Main monitoring principles of the MFAS -TunRS
automatic monitoring system

For earth pressure, high-precision strain gauges are used 
for monitoring, and their internal structure is shown in
Fig. 4(a). It is worth mentioning that the earth pressure 
monitoring sensor monitors the combined stress in the 
borehole direction. The monitoring system utilizes a
piezoresistive pore pressure sensor to measure the pore
pressure within the surrounding rock, as depicted in
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Fig. 3. Schematic diagram of the MFAS-TunRS automatic monitoring system.

Table 2 
Technical parameters of the MFAS-T unRS automatic monitoring system.

Device Technical parameter Value 

Stress sensor Sensitivity coefficient 2.1 ± 1%
Strain limit 2500 l m/m
Mechanical lag 1.1 l m/m
Temperature range –20 to 60 ℃
Fatigue life 10 million times

Acceleration sensor Acceleration range ±2g to ± 8g
Acceleration accuracy 3.9 l g
Temperature drift ±0.02 mg/ ℃
Linearity 0.1%FS 
Tilt accuracy 0.1° 

Pore pressure sensor Measuring range 0–3000 kPa 
Precision ±0.5 kPa 
Resolution 0.1 kPa 

Wireless gateway Wireless communication mode LoRa 
Frequency band 433 MHz 
Receiving sensitivity –129 dBm 
Transmit power 22 dBm 
Communication distance >3.5 km (open environment)
Data transmission rate 1.2 kbps 

Note: The technical parameters of stress sensors used in the rock monitoring unit and segment monitoring unit are the same as those of acceleration
sensors. g refers to gravity acceleration.
Fig. 4(b). The internal displacement of the surrounding 
rock is monitored through the integration of a triaxial
accelerometer and a triaxial magnetometer. As illustrated
in Fig. 4(c), using a high-precision triaxial accelerometer 
for measurements within the local spatial frame yields three 
precise gravity vector components, incorporating two key
parameters: the pitch angle (a) and the roll angle (b).
a arctan ax 
ay 

b arctan a2 
x a2y
az

1

where ax, ay, and az are the accelerations in the three direc-
tions measured by the triaxial accelerometer, respectively.
The yaw angle (h) in the plane orthogonal to the direction
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Fig. 4. Main monitoring principles of the MFAS-TunRS automatic monitoring system: (a) earth pressure monitoring sensor structure, (b) piezoresistive
pressure sensor structure, and (c) principle of rock displacement fusion solution.
of gravity is measured using a triaxial magnetometer. Mea-
surement in localized space using a high-precision triaxial 
magnetometer yields three high-precision magnetic field 
components, providing two accurate pieces of information: 
yaw angle (h ) and pitch angle (a). The yaw angle should be
corrected for attitude according to the pitch and roll angles
of the measurement system.

Mx Mx cos a My sin b sin a Mz cos b sin a 
My My cos b Mz sin b 2 

where Mx and My are the corrected magnetic components 
in the x and y directions, respectively; Mx*, My*, and Mz* 
are the magnetic components in the three directions mea-
sured by the triaxial magnetometer, respectively. 

h 

90 Mx 0  an  d My 0

180 arctan My Mx Mx 0 and My 0

270 Mx 0 and My 0

arctan My Mx Mx 0 and My 0

360 arctan My Mx Mx 0 and My 0

3

The rock displacement is determined based on the 
known attitude parameters: pitch angle (a), roll angle (b),
and yaw angle (h). As shown in Fig. 4(c), the angle u 
between OP1 and the XOY plane is:

u arctan tan a cos h 4

Assume that the length of OP1 is L1 (a known parame-
ter). The coordinates of P1 at time t are:

P 1x 

P 1y 

P 1z 

L1 

cosu cos h 
cosu sin h

sinu

5

Assuming the coordinates of point P1 time t + 1 are 
(P1x*, P1y*, P1z *), the displacement of P1 relative to the
origin O is:

DxP1 

DyP1 

DzP1 

P 1x 

P 1y 

P 1z 

P 1x 

P 1y
P 1z

6

Assuming that position of point P2 is written as (P2x*, 
P2y*, P2z*) at time t + 1, then:
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DxP2 

DyP2 

DzP2 

P 2x 

P 2y 

P 2z 

P 2x 

P 2y
P 2z

7

Similarly, assuming that the position of point Pn is writ-
ten as (Pnx*, Pny *, Pnz*) at time t + 1, then:

DxPn 

DyPn 

DzPn 

Pnx 

Pny 

Pnz 

P nx
P ny

P nz

8

The monitoring principle of the segment monitoring 
unit is similar to that of the rock monitoring unit and is
described in detail in Wang’s work (Wang et al., 2024a). 

3.3 Arrangement of the monitoring system

During twin tunnel construction, the left tunnel (LT) 
was excavated first, with the right tunnel (RT) lagging by 
100 m. To assess RT excavation impacts on the surround-
ing rock and segments, the monitoring system was installed
Fig. 5. Arrangement of the monitoring system. (a) Layout of monitor
in LT. After advancing LT’s shield machine to the test sec-
tion, horizontal directional drilling created monitoring
holes on both sides of the segment (Fig. 5(a)). Monitoring 
boreholes were drilled horizontally into the surrounding 
rock through pre-reserved segment grouting holes. Each 
40 mm-diameter, 2 m-deep borehole housed a 30 mm-
diameter rock monitoring unit. The 2 m-long unit incorpo-
rated MEMS sensors spaced at 1 m intervals . Four moni-
toring points (ML1, ML2, MR1, MR2) tracked
surrounding rock disturbance. A segment monitoring unit
(MS) was secured near RT using expansion screws. As pre-
sented in Fig. 5(b), the monitoring system’s implementa-
tion steps can be delineated as follows: (1) Horizontal 
directional drilling was used to drill into the surrounding 
rock on both sides of the tunnel and at the reserved grout-
ing holes in lining to form monitoring holes; (2) Position 
the surroundi ng rock monitoring unit onto the specified
location within the monitoring hole; (3) Utilize epoxy resin
for coupling grouting, and rapidly setting cement for hole
sealing; (4) Position and secure the segment monitoring
ing points, and (b) installation process of the monitoring system.
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unit with expansion screws at the predetermined location 
of the segment using a handheld drill; (5) Dangle the wire-
less gateway on the segment, and assess the wireless gate-
way’s signal reception quality; (6) Upon reaching the test 
section, with the initiation of measurement, RT is propelled
forward. Monitoring was initiated on July 24, 2022, and
culminated on August 4, 2022, during which RT advanced
by 63 rings (94.5 m).

3.4 In-situ monitor ing results

3.4.1 Pore pressure
Figure 6 depicts the evolution of pore pressure sur-

rounding the first tunnel as the EPBS traversed the testing 
section. The monitoring procedure was divided into three 
stages: Stage I involved the period before the EPBS tun-
nelling face of RT reached the monitoring section; Stage 
II encompassed the period during which the EPBS passed 
through the monitoring section; and Stage III encapsulated 
the period foll owing the EPBS’s traversal of the monitoring
section. It is evident that the pore pressure underwent dif-
ferent developmental trajectories at the far end (i.e., the left
side of LT, ML1, and ML2) and the near end (i.e., between
the twin tunnels, MR1 and MR2).

Furthermore, Fig. 6 depicts the pore pressure evolution 
at each of the four monitoring points, demonstrating a sim-
ilar pattern of change. During Stage I, pore pressure 
reduced exponentially and entered the first stabilization 
phase during the EPBS’s shutdown maintenance in the sec-
ond tunnel. In Stage II, pore pressure underwent a signifi-
cant sudden drop, followed by entering the second 
stabilization phase, which is still linked to the shield sh ut-
down. The decline in pore pressure was significantly greater
at MR1 and MR2 than at ML1 and ML2. In Stage III,
pore pressure experienced a sudden drop at ML1 and
ML2, followed by entering the stabilization phase, mainly
related to the shield tail dragging out. Conversely, at
Fig. 6. Development history of pore pressure: (a) pore pressu
MR1 and MR2, pore pressure underwent a sudden decline, 
followed by a subsequent rise, and ultimately entered the 
stabilization phase. This pattern is mainly due to the shield 
tail grouting effect, which did not transmit to ML1 and 
ML2 due to the existing tunnel structure barrier. In sum-
mary, pore pressure underwent three significant drops 
throughout the monitoring process and ultimately 
remained at a relatively low value. The primary cause could 
be attributed to the low earth chamber pressur e set for the
EPBS, which was aimed at efficient tunnelling in hard rock.
As a result, the excavation of the second tunnel created a
fresh outlet for groundwater discharge and led to a dissipa-
tion of pore pressure. After stabilization, due to the low
permeability of the rock, it is difficult to quickly recover
the pore pressure during the monitoring period.

The pore pressure distribution and variation across the 
three stages are presented in Fig. 7. It is evident that the 
final pore pressure at the far end exceeds that at the near 
end. Specifically, at the far end, the final pore pressure 
recorded at ML2 is higher than that at ML1, which is 
attributed to the disturbance caused by the first excavation. 
The second excavation at the near end resulted in a signif-
icant disturbance effect, with the final pore pressure 
recorded at MR1 and MR2 being almost the same. The 
final pore pressure was ranked as ML2 > ML1 > 
MR2 > MR1, primarily determined by the disturbance 
caused by the first excavation and the distance from the 
second tunnel. Regarding the variations in pore pressure 
during the monitoring period, it can be observed that in
Stage I, pore pressure experienced a significant decrease,
with the magnitude of the decrease being MR2 = MR1 >
ML1≈ML2 at the four monitoring points. In Stage II,
the dissipation of pore pressure at ML1 and ML2 was
considerably lower than that at MR1 and MR2, with the
ranking of pore pressure change being MR2 = MR1 >
ML1 > ML2, which is positively correlated with the dis-
tance from the second tunnel. In Stage III, pore pressure
re at the far end, and (b) pore pressure at the near end.
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Fig. 7. Characteristics of pore pressure: (a) final pore pressure, and (b) change of pore pressure.
decreased at the far end while increasing at the near end, 
mainly due to the ineffectiveness of grouting at the far
end as a result of the barrier effect of the existing tunnel
structure.

3.4.2 Earth press ure
Figure 8 shows the earth pressure development at four 

monitoring points, where the envelope stresses are com-
bined horizontally, with positive values indicating com-
pressive stresses. The earth pressure at the far and near
ends has different developmental patterns. As shown in
Fig. 8(a), at the far end, the earth pressure development 
at points ML1 and ML2 is similar. In Stage I, the earth 
pressure increases rapidly, mainly due to the continuous 
pressure on the tunnel face in RT, causing lateral extrusion 
of the surrounding rock. In Stage II, the earth pressure 
increases slowly. The excavation of the second tunnel 
releases stresses, but the far-end stresses are not released 
due to the structure support in the first tunnel. In Stage 
III, as the excavation fa ce of the second tunnel gradually
moved away from the monitoring section, the earth pres-
sure at the far end stabilized. Throughout the process,
the earth pressure at ML1 is consistently smaller than at
ML2 because ML1 is closer to LT. The stress release dur-
ing the first excavation is larger, making the stress at ML1
always smaller than at ML2 during the second excavation.
Figure 8(b) shows that at the near end, the earth pressure at 
MR1 and MR2 follows different evolutionary processes. In 
Stage I, the earth pressure increases exponentially due to 
lateral compression from the second tunnel’s face pressure. 
In Stage II, the earth pressure at MR1 increases slowly, 
while at MR2 it decreases dramatically. Compared to 
MR1, MR2 is closer to the newly excavated tunnel and
thus more strongly disturbed. The excavation and unload-
ing of RT cause rapid stress release at MR2. The different
stress responses at MR1 and MR2 indicate that the excava-
tion and unloading of the newly-built tunnel have a limited 
scope, with MR1 not being significantly affected. Overall, 
the near end is more affected by the disturbance from the 
secondary excavation. In Stage III, the stress at MR1 
quickly stabilizes, while at MR2 it rebounds rapidly. As 
the tunnel face in RT moves away from the monitoring sec-
tion, the earth pressure at MR2 gradually stabilizes due to 
unchanged force and boundary conditions. Initially, the 
earth pressure at MR2 is slightly larger than at MR1 due
to different degrees of unloading from the first excavation.
The stress release at MR1 is more significant than at MR2
after the first excavation. As the second tunnel was exca-
vated, MR2, being closer to the tunnel, experienced a dras-
tic stress release, resulting in lower stress at MR2 compared
to MR1.

Figure 9(a) illustrates the final distribution of earth pres-
sure. At ML1 and ML2, which are far from the newly-built 
tunnel and supported by the lining structures in the first 
tunnel, the final earth pressure is higher due to less distur-
bance from the secondary excavation. At MR1, which is at 
the near end but farther from the newly-built tunnel, the 
final earth pressure is comparable to that at ML1. The final
earth pressure at MR2 is smaller due to significant sec-
ondary disturbance and strong unloading effects. The final
earth pressure at the four monitoring points is ordered as
ML2 > ML1 ≈ MR1 > MR2, showing a positive correla-
tion with the distance to the newly-built tunnel. Figure 9 
(b) shows the three stages of earth pressure variation. In 
Stage I, the earth pressure at all four monitoring points 
increases. The changes are ordered as MR1 > ML1 > 
MR2 > ML2, almost symmetrically distributed along the 
first tunnel sides, indicating a greater influence from the 
first tunnel. In Stage II, the earth pressure at MR2
decreases, while it slightly increases at ML1, ML2, and
MR1. The changes are ordered as MR2 > MR1 > ML1
≈ ML2. The lining structure of the first tunnel isolates
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Fig. 8. Development history of earth pressure: (a) earth pressure at the far end, and (b) earth pressure at the near end.

Fig. 9. Characteristics of earth pressure: (a) final earth pressure, and (b) change of earth pressure.
responses on both sides, preventing the unloading effect of 
the second tunnel from reaching the far end. Thus, changes 
in earth pressure at ML1 and ML2 are minimal. The stress 
change at MR1 is not significant due to its distance from 
the second tunnel, while MR2 experiences significant stress
release. In Stage III, except for MR2, where the stresses
recovered considerably, the earth pressure at the other
three points remained stable.

3.4.3 Rock displacem ent
To simplify the presentation, the rock displacements at 

the four monitoring points were conv erted into a Cartesian
coordinate system for unified analysis. Figure 10 shows the 
development of rock displacement in three directions. It 
can be seen that the rock displacements at the four moni-
toring points follow a similar evolutionary process. In the 
x-direction (radial) and z-direction (vertical): Stage I, the 
rock displacement increased rapidly. The increase was 
not affected by the downtime of the second tunnel, indicat-
ing a time-delayed effect of excavation disturbance on rock 
displacement, related to the continuous excavation of the 
first tunnel. In Stage II, the rate of increase of rock dis-
placement slowed. Due to the lining support of the existing 
tunnel, the displacement at the far end nearly stopped
increasing, and at ML2 showed obvious fluctuation but
minimal overall growth. The near end, directly connected
with the second tunnel and lacking support structure pro-
tection, continued to increase in displacement. In Stage
III, the rock displacement gradually entered the stabiliza-
tion stage after a slow increase. In the y-direction (longitu-
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Fig. 10. Development history of rock displacement at (a) ML1, (b) ML2, (c) MR1, and (d) MR2.
dinal), the change in rock displacement during the entire 
monitoring process is very small and almost negligible. 
The magnitude of rock displacement by direction is: x-
direction (radial) > z-direction (vertical) > y-direction (lon-
gitudinal). The x-direction is mainly affected by the excava-
tion and unloading of the second tunnel, making it the 
largest displacement. The z-direction is influenced by grav-
ity and lateral unlo ading, making it the second largest. The
y-direction is mainly affected by friction between the shield
shell and surrounding rock, showing minimal change dur-
ing monitoring. The development trend of rock displace-
ment aligns with the findings of previous numerical
studies (Wang et al., 2024b; Zhou et al., 2018). 

Figure 11(a) shows the distribution of final rock 
displacement. The total final displacements at the four 
monitoring points are in descending order: MR2 > MR1 >
ML1 > ML2, inversely proportional to the distance to the
second tunnel. The total displacement at MR2 is much lar-
ger than at the other three points, mainly because MR2 is 
closest to the second tunnel and thus significantly affected 
by the disturbance from secondary excavation. Conversely, 
the ML1 and ML2, far from the second tunnel and sup-
ported by the existing tunnel lining structure, did not expe-
rience large displacement. As shown in Fig. 11(b), 
regarding components of rock displacement, the relation-
ship at each monitoring point is x-direction (radial) > z-
direction (vertical) > y-direction (longitudinal). The longi-
tudinal displacement is small at all four points. The closer 
the monitoring points are to the second tunnel, the smaller 
the difference between displacement in the x- and z-
directions, indicating a more significant lateral unloading
effect near the newly-built tunnel. This effect brings not
only lateral displacement but also increases vertical settle-
ment near the existing tunnel. Figure 11(c) illustrates the 
variation of rock displacement across the three monitoring 
stages. From the perspective of monitoring point locations,
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Fig. 11. Characteristics of (a) distribution of final rock displacement, (b) distribution of rock displacement components, (c) change of final rock
displacement, and (d) changes of rock displacement components.
the total displacement at each stage follows the order: 
MR2 > MR1 > ML1 > ML2. At each monitoring point, 
the total displacement variation follows the order: Stage 
I > Stage III > Stage II. Most rock displacement occurs 
before the shield arrives in the second tunnel. During the 
shield passage stage, the support from the shield shell is evi-
dent, leading to minimal rock displacement. Rock displace-
ment after shield passage is inversely proportional to the
distance from the second tunnel. Regarding displacement
components, as shown in Fig. 11(d), in Stage I and Stage 
II, the x-direction displacement is the largest, followed by 
the z-direction, with the y-direction displacement being 
very small. During these two stages, the surrounding rock 
is primarily affected by the lateral unloading from the exca-
vation of the second tunnel, resulting in significant x-
direction displacement. Additionally, the lateral unloading
promotes vertical settlements of the surrounding rock
around the first tunnel. Combined with the effect of gravity, 
this leads to a relatively large vertical displacement. In 
Stage III, z-direction displacement is predominant, fol-
lowed by x-direction displacement. As the second tunnel 
face moves away from the monitoring section, the influence
of lateral unloading weakens, and vertical settlement due to
gravity becomes the dominant factor in rock displacement.

3.4.4 Additional stress and relative displacem ent of the
segment

Figure 12 depicts the segment’s additional stress at MS 
and its corresponding values (with positive values indicat-
ing compressive stress). Both axial and circumferential 
additional stress exhibit the same trend. In Stage I, addi-
tional stress experienced rapid growth until two rings
before the EPBS’s arrival, when it decreased due to the
temporary support provided by the face pressure. In Stage
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Fig. 12. Additional stress of segment at MS: (a) evolutionary process, and (b) characteristic values.
II, additional stress fluctuated but experienced an overall 
sharp increase. In Stage III, additional stress decreased 
rapidly and entered the stabilization phase gradually. 
Throughout the monitoring process, both axial and cir-
cumferential additional stress were primarily tensile stress. 
The final axial additional stress was –0.4 MPa, and the final 
circumferential additional stress was 0.09 MPa. The change 
in circumferential ad ditional stress was larger than that of
axial additional stress in each stage, suggesting that the lat-
eral unloading effect brought by the excavation of the right
tunnel is the primary factor contributing to the additional
stress of the existing tunnel’s segment.

Figure 13 shows the relative displacement of the lining 
segments at MS and their characteristic values. In the x-
and y- directions, the development pattern of the relative 
displacement of the lining segments is basically the same: 
Stage I increa ses rapidly, Stage II decreases, and Stage
III slowly increases to stabilize. The z-direction relative dis-
placement shows a small, continuous increase throughout.
From Fig. 13(b), it can be seen that the relative displace-
ment at MS is mainly characterized by: outward displace-
ment (toward the direction of the second tunnel) in the x-
direction, tensioning in the y-direction, and downward dis-
placement in the z-direction. The final relative displace-
ment follows the relationship: x-direction>y-direction 
>z-direction. The changes in relative displacement during 
the three stages are also dominated by x-direction displace-
ment, followed by y-direction displacement, with z-
direction displacement being the smallest. The relative dis-
placement is largest in Stage I, followed by Stage III and 
Stage II. In Stage I, the relative displacement in the first
tunnel changes significantly as the face of the second tunnel
approaches. In Stage II, the second tunnel is supported by
the shield shell, minimizing the relative displacement in the
first tunnel. In Stage III, after stress release caused by the
excavation of the second tunnel, the redistribution of stress
in the surrounding rock causes significant changes in the
relative displacement in the first tunnel. Once a stable sup-
port structure is formed in the second tunnel, the relative
displacement gradually stabilizes.

4 Numerical simulation

4.1 3D refined numerical model and verification

A refined 3D numerical model of an EPBS twin tunnels, 
based on the fluid–solid coupling theory, was established 
using FLAC3 D. For simplicity, the modeling area is
selected within the sandstone range. As shown in Fig. 14, 
the model size is set to 140 m × 120 m × 60 m to eliminate
boundary effects (Lambrughi et al., 2012). The model con-
tains 1 274 400 zones and 1 279 081 nodes. Based on pre-
vious experience (Do et al., 2015; Wang et al., 2024b), 
such a grid density is sufficient to ensure the accuracy. 
The bottom is fixed and impermeable. All vertical bound-
aries are constrained against horizontal displacement with 
constant pore pressure. The top is a free boundary with 
486 kPa vertical stress and 20 kPa fixed pore pressure.
The 3D rock mass response was simulated using FLAC3D
with the generalized nonlinear unified strength theory
(GNUST) model (Wang et al., 2023), extending the 
Hoek–Brown criterion to account for intermediate princi-
pal stresses. Its yield function is expressed as Eq. (9). The 
GNUST model was coded in C++, compiled into a 
FLAC3D-compatible dynamic link library (DLL), and
integrated for simulations.

F 
f r1 

br2 r3 
1 b rci mb 

br2 r3 
1 b rci 

s 
a 

f f 

f r1 br2 
1 b r3 rci mb

r3
rci

s
a

f f

9

where rci is intact rock unconfined strength; mb, s,  and  a 
are the rock mass parameters; and b is the coefficient.
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Fig. 13. Relative displacement of the segment at MS: (a) evolutionary process, (b) deformation mode, and (c) characteristic values.
The geological parameters used in the numerical simulation
are summarized in Table 3.

The model (Fig. 14) integrates EPBS, segmental lining, 
grouting, and construction loads (face pressure, EPBS 
weight, grouting pressure, jack thrust, backup train pres-
sure). The EPBS was modeled with Geogrid elements in 
six sections (1.5 m step width), with increasing elastic mod-
ulus from front to rear to simulate shield conicity. Segmen-
tal lining employed liner elements with staggered joints, 
accounting for inter-segment connections and grouting 
intera ctions. Grouting used elastic elements (Young’s mod-
ulus: 20 MPa, Poisson’s ratio: 0.2). Face pressure acted ver-
tically on the tunnel face, matching horizontal ground
stress at the vault and increasing linearly (11 kPa/m gradi-
ent). The EPBS weight is simulated as distributed pressure
with a total force of 5580 kN. Grouting pressure at the 
shield tail equaled vertical ground stress at the vault, 
increasing linearly (11 kPa/m gradient). The jack thrust 
acts on the latest ring, assumed to be uniformly distributed 
along the circumference. Backup train pressure is simulated 
by vertical forces on two parallel lines (3 m apart, 88.5 m
range) with a force equal to the train’s weight. The twin
tunnels were excavated sequentially with a 100 m lagging
distance between faces, reflecting actual construction.
Modeling details follow Wang et al. (2024b). 

Figure 15 shows the comparison between the calculated 
and measured horizontal displacement of the monitoring 
points MR1 and MR2. Throughout the monitoring pro-
cess, the calculated results align well with the measured
data, especially at the MR2 monitoring point. The MR1
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Table 3 
Parameters used for modelling.

Parameter q (kg/m3 ) Em (MPa) rci (MPa) mb (m/s) k 

Value 2600 93.02 0.23 29.06 0.589 2.87 × 10–5 0.613 0.12 5.79 × 10–6 0.98 

Note: q is the density, Em is the Young’s modulus of the rock mass, l is Poisson’s ratio, k is the permeability coefficient, and k is the lateral pressure
coefficient.

Fig. 14. 3D refined numerical model.

Fig. 15. Validation of numerical model.
point is closer to the free surface of the tunnel wall, making 
it more susceptible to excavation-induced da mage, which
leads to a monitored displacement exceeding the simulated
displacement.

4.2 Numerical results

4.2.1 Excess pore pressure
Figure 16(a) shows the longitudinal distribution of 

excess pore pressure around the tunnel caused by a single 
excavation step. The distribution results from the eight 
numerical monitoring points show that the longitudinal 
distribution pattern of excess pore pressure is consistent 
at all monitoring points. The distribution induced by EPBS 
construction is determined by the relative distance from the 
tunnel face. This phenomenon has been observed in single-
tunnel cases and persists in the twin-tunnel case. The excess 
pore pressure distribution adequately reflects the influence 
of various construction stages of EPBS. The arrival of the 
tunnel face results in an increase in excess pore pressure, 
with the influence range approximately equal to one length
of the shield machine (9 m). In the range where the shield
machine is located, excess pore pressure decreases dramat-
ically due to stress release from overcut. Grouting at the
shield tail causes a sudden increase in excess pore pressure,
while the removal of the shield tail leads to a decrease.
Finally, the pressure rebounds and gradually dissipates
after the shield tail void is closed. The influence of these
construction steps on excess pore pressure extends about
two lengths of the shield machine. Figure 1 6(b) shows the 
distribution of excess pore pressure in front of the tunnel 
face due to single-step excavation. The excess pore pressur e
distribution in front of the tunnel face of a single tunnel
can usually be fitted by Eq. (10) (Shi et al., 2021).

DU DUmax 1 y R 33
y R 10
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Fig. 16. Excess pore pressure: (a) around the tunnel, and (b) in front of the tunnel face.
where DUmax is the maximum excess pore pressure, y is the 
longitudinal distance to the tunnel face, and R is the tunnel
radius. Figure 16(b) shows that the R2 value of the fitted 
equation exceeds 0.95 for both the first and second tunnels, 
indicating that the fitted equation is applicable for excess
pore pressure caused by a single excavation step in the twin
tunnel.

4.2.2 Vault sett lement

Figure 17(a) shows the evolution of the settlement 
trough at the tunnel vault in the central cross-section dur-
ing the excavation of the twin tunnel. It indicates that vault 
settlement mainly occurs after the passage of the tunnel 
face. Severe stress relief from overcut and shield conicity 
results in significant vault settlement. During the excava-
tion of the second tunnel, the vault settlement trough grad-
ually moves to the right, forming a new settlement trough 
near the second tunnel, while the vault sett lement of the
first tunnel further increases. Settlement in the middle area
between the twin tunnels develops slowly, forming a W-
shaped settlement trough in the cross-section. Additionally,
the transversal distribution of vault settlement due to twin
tunnel excavation is asymmetrical, similar to observations
by previous authors through field monitoring and model-
ing tests (Chen et al., 2011; He et al., 2012; Suwansawat
& Einstein, 2007). In Fig. 17(b), the settlement trough from 
the second tunnel excavation is obtained by subtracting the 
trough formed by the first tunnel excavation from the final 
vault settlement trough. It shows that the vault settlement 
troughs from twin tunnel construction have similar shapes.
However, settlements from the second tunnel construction
are deeper compared to the first tunnel, similar to the
experimental results of Chapman et al. (2007). Excavation 
of the second tunnel increased the maximum vault settle-
ment of the existing tunnel by 0.57%, while the presence 
of the existing tunnel increased the maximum vault settle-
ment above the second tunnel by 6.12% compared to the
single-tunnel case. After completing the twin-tunnel exca-
vation, the maximum vault settlement occurs directly 
above the second tunnel, increasing by 14.08% compared
to the single-tunnel case.

4.2.3 Lining r esponses
Figure 18(a), (b), and (c) shows the normal displace-

ment, normal force, and bending moment of the lining in 
the first tunnel during the construction of the second tun-
nel, respectively. The distribution pattern of the lining 
responses is similar after the excavation of the second tun-
nel. The normal displacement (positive for outward dis-
placement) is overall in compression. During the 
excavation of the second tunnel, the inward displacement 
in the existing tunnel increases except on the right side, 
where inward displacement is gradually reduced due to 
stress release from the excavation of the second tunnel. 
This reflects the trend of the rock mass in the middle region
of the twin tunnels moving towards the second tunnel. As
the excavation progresses, the distribution pattern of nor-
mal force (positive in tension) remains basically the same,
divided into six parts by the combination of segmental lin-
ing, and decreases significantly at the joints. The bending
moment distribution is generally circular, with abrupt
changes mainly at the segment joints. From the develop-
ment of lining response extremes, as shown in Fig. 1 8(d), 
the excavation of the second tunnel increases the lining 
response in the existing tunnel with increased response 
extremes. This indicates that structural loads shift during 
the second tunnel excavation, causing the lining structure 
in the existing tunnel to bear larger normal force and bend-
ing moment. When the tunnel face of the second tunnel is 
6.4D away from the monitoring ring, the lining response in
the existing tunnel stabilizes. The final lining responses in
the second tunnel are similar to those in the single-tunnel
case, indicating that the second tunnel is not significantly
affected by the existing tunnel in terms of lining response,
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Fig. 17. Vault settlement: (a) evolutionary process, and (b) comparison of twin tunnels.

Fig. 18. Evolution process of lining response: (a) normal displacement, (b) normal force, (c) bending moment, and (d) lining response extremes.
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Fig. 19. Effect of face pressure on excess pore pressure: (a) the first tunnel, and (b) the second tunnel.
and the excavation process is similar to that in the single-
tunnel case.

4.3 Effects of face pressure

To study the effect of face pressure on the hydraulic-
rock-structural response of the twin tunnel, eight face pres-
sure ratios (rFP) were set, defined as the ratio of the face 
pressure at the vault to the horizontal ground stress:
0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2. As shown in
Fig. 19, increasing face pressure does not change the distri-
bution pattern of excess pore pressure in front of the tunnel 
face, but it increases the maxi mum excess pore pressure.
This increase is almost linear and applies to both the first
tunnel and the second tunnel.

As for the vault settlement, as shown in Fig. 20, 
increased face pressure can effectively resist vault settle-
ment in front of the tunnel face and even change the form 
of the settlement trough, which applies to both the first and 
second tunnels. Moreover, the tendency of vault settlement 
in front of the tunnel face is effectively halted at rFP > 0.75.
However, during the excavation of the second tunnel,
increased face pressure did not significantly affect the vault
settlement of the existing tunnel.

For the lining response, as shown in Fig. 21, face pres-
sure in the second tunnel has no effect on the distribution 
pattern of lining responses. The main effect is an increase 
in the inward normal displacement on the right side of
the lining in the existing tunnel with increased face pres-
sure. Figure 21(d) shows that increased face pressure in 
the second tunnel leads to an increase in maximum inward 
normal displacement and maximum normal force, as well 
as a decrease in the bending moment in the existing tunnel. 
This indicates that larger face pressur e causes partial trans-
fer of structural loads, with the lining in the existing tunnel
bearing a larger normal force and smaller bending
moment, resulting in greater normal displacement. Overall,
setting the rFP between 0.75 and 1 is reasonable for stabiliz-
ing the supporting tunnel face and reducing the compre-
hensive disturbance effect during construction, which
aligns with the recommendation of Do et al. (2021).

4.4 Effects of grout ing pressure

To study the effect of grouting pressure on the 
hydraulic-rock-structural response of the twin tunnel, eight 
grouting pressure ratios (rGP), defined as the ratio of the 
grouting pressure to the vertical ground stress at the vault,
were set at 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, and 2. As
shown in Fig. 22, grouting pressure does not influence 
the distribution pattern or the magnitude of the excess pore 
pressure in front of the tunnel face but mainly affects the 
grouting ring. Increasing grouting pressure results in higher
excess pore pressure in the grouting ring, affecting both the
first and second tunnels equally, though the increase is
more significant in the second tunnel.

Regarding vault settlement, as shown in Fig. 23, grout-
ing pressure does not affect the morphology of the vault 
settlement troughs in either single or twin tunnel cases. 
However, increasing grouting pressure can significantly 
reduce the maximum vault settlement. This reduction is
most significant in single-tunnel cases with rGP between
1.25 and 1.5, and in twin-tunnel cases with rGP between
1.75 and 2.

For the lining response, as shown in Fig. 24, grouting 
pressure in the second tunnel does not affect the distribu-
tion pattern of the lining response in the existing tunnel.
Figure 24(d) shows that increasing grouting pressure in 
the second tunnel causes the maximum inward normal dis-
placement and maximum normal force in the existing tun-
nel to first decrease and then increase, with a turning point 
at rGP from 0.75 to 1. Additionally, increasing grouting
pressure leads to an overall increase in the bending
moment, especially the maximum positive bending
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Fig. 20. Effect of face pressure on vault settlement: (a) the first tunnel, and (b) the second tunnel.

Fig. 21. Effect of face pressure on lining response: (a) normal displacement, (b) normal force, (c) bending moment, and (d) lining response extremes.
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Fig. 22. Effect of grouting pressure on excess pore pressure: (a) in front of the first tunnel face, (b) in front of the second tunnel face, (c) at the vault of the
first tunnel, and (d) at the vault of the second tunnel.
moment, which increases sharply and linearly at rGP ≥ 1. 
Overall, setting the rGP to 1 is reasonable for supporting 
the stress of the surrounding rock of the tunnel vault and
reducing the construction disturbance, which aligns with
the recommendation of Do et al. (2021).

5 Conc lusions

In this paper, an advanced MEMS multi-sensor fusion 
automated monitoring system (MFAS-TunRS) is devel-
oped for real-time, multi-parameter monitoring of the 
hydraulic-rock-structural response in shield tunnels. A 
refined 3D numerical model analyzed the evolution of pore
pressure, vault settlement, and lining response, as well as
the impact of construction parameters. The following main
conclusions are drawn:

(1) The pore pressure evolved through three stages: a 
sudden drop and stabilization before the shield’s arri -
val, during its passage, and afterward. This behavior
is tied to excavation activity and the shield’s lower 
earth chamber pressure. Final pore pressure increased 
wi th distance from the second tunnel, whereas dissi-
pation rates decreased.

(2) The earth pressure evolution differed between far/ 
near ends but exhibited three-stage behavior. Far-
end earth pressure surged rapidly before the shield’s 
arrival, rose slowly during passage, and then stabi-
lized afterward. At the near end, stress at MR1 
resembles the far end, while MR2 decreases rapidly
during passage, then quickly recovers and stabilizes.
The final earth pressure distribution is positively cor-
related with distance from the second tunnel.

(3) The rock displacement in x- and z-directions follows 
three stages: rapid growth, slowed progression, and 
stabilization, while y-direction displacement 
remained minimal. Displacement magnitude and 
components are negatively correlated with distance
from the second tunnel. Primary displacement
occurred pre-shield arrival, followed by secondary
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Fig. 23. Effect of grouting pressure on vault settlement: (a) the first tunnel, (b) the second tunnel, and (c) maximum vault settlement.
effects from grout hardening and pore pressure/rock 
stress equilibration post-passage. Minimal displace-
ment occurred during shield passage near adjacent
tunnels.

(4) Lining and surrounding rock responses exhibited 
similar trends, with additional stress evolving in three 
stages: rapid increase, stabilization after a sudden 
rise, and stabilization after a rapid drop. Relative dis-
placement shows a rapid increase, a slight decrease, a 
slow increase, and stabilization. Circumferential 
addition al stress changes exceeded longitudinal ones.
Relative displacement ranked x > y > z, confirming
lateral unloading from second-tunnel excavation as
the dominant perturbation source for existing tunnel
linings.

(5) Based on refined 3D numerical simulations, the 
hydraulic-rock-structural response to twin tunnel 
construction is closely tied to the process. Excess pore 
pressure distribution is primarily influenced by the 
shield cut location. The longitudinal excess pore pres-
sure distribution follows five stages: rise from tunnel
face arrival, fall from overcut, rise from grouting, fall
from trailing, and equilibrium restoration behind the 
shield tail. Twin tunnel excavation induced greater 
vault settlement, forming a W-shaped settlement 
trough. It also caused greater unloading, increasing 
deformation and structural force on the existing tun-
nel lining. The second tunnel’s lining response was
nearly unaffected by the existing tunnel, resembling
a single-tunnel case.

(6) The impact of face and grouting pressure is confined 
to the tunnel face front and grouting ring. Higher 
face and grouting pressures effectively reduce vault 
settlement but increase excess pore pressure and lin-
ing response. Applying rFP (from 0.75 to 1) and rGP

= 1 proved optimal for stabilizing the tunnel face
while minimizing overall disturbances.

In addition, the MEMS monitoring system presented in 
this study offers further potential for advancement, for 
instance, by replacing the unidirectional stress sensor with 
a triaxial stress sensor to enable comprehensive monitoring
and analysis of earth pressure. Moreover, the MEMS mon-
itoring system is not limited to tunnel engineering but can



216 C. Wang et al. / Underground Space 25 (2025) 195–217

Fig. 24. Effect of grouting pressure on lining response: (a) normal displacement, (b) normal force, (c) bending moment, and (d) lining response extremes.
be adapted for other geotechnical applications, including 
deep excavation and slope engineering, offering flexibility
for various projects.
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