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Stability analysis of existing
tunnels under dynamic loads
during excavation of new tunnels

Hao Li%, Sichun Long**’, Xiangen Lai?, Lijun Kuang?, Jian Zhou?, Mengguang Liao* &
Chaofeng Zeng?

Understanding the deformation mechanism and behaviour of adjacent tunnels subjected to dynamic
train loads provides vital technical insights for engineering design. This study conducted a detailed
analysis and revealed that tunnel excavation significantly affects the stability of adjacent existing
tunnels under dynamic loads. First, we developed a dynamic load simulation approach and derived a
calculation formula for shield-soil friction. A methodology for analyzing the stress in the surrounding
rock of the tunnel was established. Subsequently, the impact of dynamic loads on the stability of
existing tunnels was assessed through numerical simulations. Finally, the numerical results were
compared with field-measured data to validate the reliability of the research findings. The results
indicated that, compared to the condition without train load, the maximum vertical and lateral
displacements at the vault of the existing tunnel under dynamic load condition increased by 2.9 mm
and 1 mm, respectively, leading to an overall safety and stability coefficient reduction of approximately
0.1. Furthermore, the influence of dynamic loads on the stability of the existing tunnel intensified with
increasing train speeds under various load conditions. For train speeds of < 40 km/h, the dynamic load
could effectively be considered as a static load. Notably, the surrounding soft rock exhibited a higher
degree of stress release compared to the surrounding hard rock. The stresses at the soft-hard rock
interface were found to potentially induce damage to the tunnel. In scenarios where new and existing
tunnels were in proximity, the dynamic load was incorporated into the entire simulation process,
yielding results that closely aligned with actual measurements.
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The rapid advancement of urban development has led to accelerated construction activities. Ground disturbance
during shield tunnelling inevitably affects existing tunnels, leading to structural deformations. To enhance the
stability of these structures and facilitate effective subway operations, it is imperative to conduct extensive
research regarding the impact of tunnel excavation on the stability of adjacent existing tunnels.

Numerous scholars worldwide have investigated this topic utilizing various methods such as theoretical
analysis, numerical simulations, model tests, and others. For example, Liu et al.! utilized numerical simulations
and three-dimensional (3D) theoretical analyses to develop an improved rotational damage theoretical model.
Additionally, they derived an equation for the ultimate support force on excavation surface by considering
soil cohesion and gravitational effects. Zhang and Sun? employed both upper bound and quasi-static methods
to derive analytical formulas for stability coefficient, thereby leading to a more comprehensive approach for
assessing geotechnical slope stability. Lou and Li® developed a finite element model to evaluate soil displacement
and ground settlement during overlapping tunnel excavations. They examined the effects of excavation face
pressure and grouting pressure on ground settlement. Zhu et al.* introduced a novel technique for monitoring
ground deformation through the integration of synthetic aperture radar (SAR) images from diverse satellite
platforms. Ding et al.® performed a numerical analysis to explore how clearance distance and angle between two
tunnels in soft soil affect subway deformation, internal lining forces, and adjacent partition areas. Zhou et al.5
presented an innovative intelligent model known as the Grey Wolf optimizer-based Random Forest (GWO-RF)
model to predict water inflow (WI) in tunnel construction. Zou et al.” optimized assessment method for tunnel
face stability by modifying the logarithmic spiral rotation model above the tunnel vault to a semi-elliptical shape.
Li et al.® employed a strain-softening constitutive model to analyze the stress distribution, deformation, and
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strength of rocks surrounding the deep roadways. Lu et al.® utilized the Mindlin solution in conjunction with
the Loganathan formula to examine elastic displacement field in the soil resulting from bulkhead additive thrust,
friction force, as well as ground loss between shield and soil through numerical integration.

In recent years, the increase in urban traffic loads has heightened attention on the stress conditions and
deformation control challenges faced by underground tunnels under vehicle loads. Long et al.!® developed a
novel method for monitoring the structural health of bridges, which successfully captured the entire process from
initial deformation to complete failure. Wang et al.!! examined soil vibration responses around the tunnel under
single-train train operations, bidirectional train traffic, and varying tunnel depths. Xiang et al.!> highlighted
challenges in controlling the rock deformation at tunnel base following the removal of prestressing anchors.
This operation contributed to ongoing issues of bottom rumble. In conjunction with numerical simulations,
they explored the failure mechanism associated with pre-stressed anchor remediation for the bottom rumble
in railroad tunnels operated in gently dipping laminar rock under train-induced vibration loads. Li et al.!?
established a rock experimental system integrating electrical and mechanical components to analyze the patterns
of microcurrents generated during rock loading and their microscopic influence mechanisms. Long et al.!*
performed a series of laboratory experiments focused on dynamic deformation and failure in a physical model
bridge subjected to sequential loading.

In summary, considerable research has been conducted regarding tunnel underpasses and their interactions
with dynamic loads. However, there remains a scarcity of studies directly addressing the dynamic responses of
tunnels to such loads. Many computational models for shield tunnels often overlooked the influence of dynamic
loads and seldom examined how these loads impact the various contact forces within the models—a crucial
factor contributing to the displacement of existing tunnels during shield tunnelling operations. Consequently,
there is a pressing need to investigate the implications of dynamic loads on tunnel excavation stability. This
study employed FLAC3D finite difference software to simulate the entire process of a newly constructed tunnel
being excavated beneath an existing tunnel. Additionally, the subway train load within the existing tunnel
was simulated to explore its impact on both tunnel structure and underlying soil during excavation. Finally,
simulation results were compared with on-site measurements to validate the reliability of the research findings.

Summary of the work

The subway shield was projected vertically beneath the existing subway, with a clearance distance of 2.8 m and
a depth of 24.5 m. The thicknesses of primary support is 25 cm, and the thickness of and secondary lining are
measures 25 cm and 30 cm. During interval tunnel construction using the shield method, the maximum train
speed within the existing tunnel was 80 km/h, with an operating speed of 60 km/h.

The interval tunnel was located in the Weihe River tertiary order area. The artificial fill underneath consists
of powdery clay, while the bedrock consists of medium-thick-thick bedded Cretaceous mud siltstone. The
engineering properties of various rock and soil layers exhibited significant variability. The site is characterized
by a continuous distribution of the fourth series of strata with a gradual transition between rock and soil masses.
The entire tunnel section is located within the medium-weathering muddy siltstone, which features uniform
rock distribution with high strength and small deformation. The load-bearing capacity of the strata met design
requirements, while the foundation soil was uniform. Figure 1 illustrates the spatial relationship between the
new and existing tunnels.

Theoretical analysis

Dynamic load simulation

A metro train load simulation involves multiple factors, such as metro system, track system, and roadbed
structure!®. Therefore, it presents a complex system dynamics challenge. The ideal approach for subway train
load simulation involves establishing a comprehensive system model that integrates the subway train, track,
roadbed, and foundation. Dynamic analysis should consider nonlinear interactions such as wheel-track contact
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Fig. 1. Schematic diagram illustrating the spatial relationship between the new and existing tunnels.
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and collisions. When a subway train travels on the track, the wheel-track contact force is transmitted to the
underlying tunnel structure via the track fastener system. Due to the impact of wheels on the track and the
track’s unevenness, periodic excitation vibrations of certain frequencies are generated. In examining the impact
of vibrational forces from subway trains on underlying soil, many scholars have included additional dynamic
loads and rail surface wave abrasion effects to accurately model the subway train load!'®~1°. The excitation load
can be expressed as follows:

F (t) = kleF (t)/ = klkz (p() =+ P1 sin wlt —+ p2 sin wzt +p3 sin u.)3t) 5 (1)

where k1 denotes the superposition coefficient related to neighboring wheels and rails, which typically ranges
from 1.2 to 1.7; ko signifies the dispersion coefficient concerning rails and sleepers, which generally ranges
from 0.6 to 0.9; po represents the static load on the wheels; p1, p2, and p3 are the load magnitudes in the high-,
medium-, and low-frequency bands of vibration loads generated by subway trains; t denotes the time variable;
and w1, wz, and ws are the angular frequency responses to vibrations across these frequency bands.

The design standard for railroad sleeper clarifies that the po is 100 kN, and the spring mass My is 750 kg.
Referring to the track unevenness control values, there are L1 = 10 m, L2 = 2 m, and L3 = 0.5 m. The rise
corresponding to the circular frequency (w;) is ai, where a1 = a2 = a3 =3.5 mm, k1 = 1.7, and k2 = 0.9.

The numerical simulations analyzed the impact of dynamic loads on the overall stability of the tunnel
structure with subway trains operating at speeds of 0, 40, and 80 km/h, respectively.

Formula for shield shell-soil friction
The current method for evaluating shield shell-soil friction, as depicted in Fig. 2a by Yin et al.?°, does not account
for dynamic loads. As illustrated in Fig. 2b, this study introduced an enhanced friction calculation approach,
where variables such as q, (lateral earth pressure), p,, (top earth pressure), p,, (bottom earth pressure), F_,
Fy2 and Fy3 (stress fields from dynamics in each direction), p, (lateral earth pressure and effective stress field
radially), p, (vertical earth pressure and effective stress field radially, r (radius of shield cutter plate), and 6 (angle
with the horizontal direction) were considered.

The sum of lateral earth pressure q,, vertical earth pressures p,,, and p,, in the radial direction of the shield
represents the magnitude of the support force. The lateral earth pressure q, is symmetric left and right, and is
calculated as follows:

ge = Ky [hn + 7 (1 —sinf)] + Fy3, )
where K represents the static lateral pressure coefficient of the stratum where the shield is situated, which is
typically computed using K = 1 — sing,, where Fy3 is the lateral stress field calculated from dynamic loads.

Therefore, the lateral earth pressure component force p, within the radial unit length of the shield can be
calculated as:

dp, = [K~yhncost + K~r (1 — sinf) cosf + Fyscosb] rd,, (3)

For vertical earth pressure, top and bottom earth pressures are determined by accounting for the self-weight of
the shield acting on the bottom soil:
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Fig. 2. Schematic diagram of friction calculation formula.
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per =y [hn + 7 (1 +sinb)] + Fya, (4)
. w
pe2 =y [hn + 7 (1 —sinf)] + —— + Fyo, (5)
Trisn

where Fy1 is the top stress field calculated from dynamic loads; and F) 2 is the bottom stress field calculated
from dynamic loads.

Therefore, the formulas for calculating the vertical earth pressures resulting from the radial unit length
component force of p2 the shield are as follows:

dp2 . ({r(K + D[hy + r(1 —sinO)]} + F,;)rd0, )
dp, .= {y(K + Dlhy +r(1 - sin6)] + % +Fy2 Py rde, ?)
Therefore, the friction of the soil around the shield is calculated as follows:
dFyy =1 (dpy +d, ) dlen, )
dFpy =1y +d, ) dl, ©

Stress in surrounding rock of existing tunnels
As depicted in Fig. 3, the stress in the surrounding rock was decomposed into two components to ensure isotropy
in all directions*"*%

_ /
(e o

where P, and P, denotes the lateral and vertical stresses, respectively; and p and p/ are decomposed stresses.
Solving Eq. (10) yields:

{ p=701+Np (11)
2

where X is the natural stress ratio coefficient of the surrounding rock.

According to the theory of elasticity for axisymmetric circular tunnels, when the tunnel is symmetric around
the z-axis, the tangential stress 7y, is 0. Consequently, the tangential and radial stresses borne by surrounding
rock are both the principal stresses. The tangential and radial stresses in the surrounding rock can be expressed
as:

2
o9 = P. 1+%§
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or = P, 1—%
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Fig. 3. Schematic diagram of stress decomposition for surrounding rock. Note: R is the outer circle radius; r is
the tunnel diameter.
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Given that the stresses in Fig. 3b are axisymmetric, the expressions for radial and tangential stresses can be
derived accordingly:

or=p(l— % (1+XNP; 1- =

R2 ( )
. 13
QI+MNP. 1+ —;:2

opg=p|1+ Rz
The boundary conditions associated with Fig. 3¢ are as follows: (1) when R = r, 0 = 7o, = 0; and (2) when
R — o0, the expressions for o, and 74, can be derived according to Mohr-Coulomb strength theory:

{ o, = —p’ cos 20

Tor = p' sin 26 (14)

Based on the aforementioned boundary conditions and the research outcomes of Cai et al.?l) the stress in
surrounding rock can be derived as follows:

/ r2 7‘4
Or = —p (1 — 4ﬁ + 3ﬁ> cos 260
oo =p' (1 + 3%) cos 20 . (15)

’ r2 P .
Tor =P (1 +2%z — 3R7) sin 20

Integrating both scenarios leads to a total envelope stress solution represented as follows:

or =5+ NP (1= 55) = 5= N ps (1= 455 + 347 ) cos26
oo =L (14+N)p: (1+%) +1(1=XNp- (1—0—31’%) cos 20 . (16)

Tor = 3 (1—A)p: (1+2;—22 73;—i> sin 26

According to Zhang et al.?, the equations relating o, 04, and Ty, to rock cohesion c can be obtained as follows:

2

UT:%(l—i—i—i)Pz (1—%)—%(1—%)[& (1—4%4—3%)00529
092%(1—&-%)%(1—1—%)4—%( —%)pz(l—i—i’);—z)cos% . (17)

2 4 .
Tor = %( — i—Z)pz <1+2% —3%) sin 26

The equations relating o, 09, and Ty, to the internal friction angle ¢ can be derived as follows:

UT:%[I—l—tan(g—gﬂPz( —;—22) —%[l—tan(g—ﬁ)]pz (1—4;:2—22 +3%)00520
oo = % [1+tan (g - %)]pz <1+;—2> +% [1ftan (g - %)]pz (1+31%> cos 260 (18)

Numerical simulation

Model establishment

The numerical model is divided into two parts, where the structural components include the lining, segment,
and grouting layer, while the solid components encompass various soil and rock layers. Adhering to St. Venant’s
principle as well as accounting for train loads and actual tunnel dimensions, the dimensions of the established
3D numerical mode were 60 m in length, 60 m in width, and 33 m in height, with 387,278 nodes and 268,800
elements. Normal constraints were applied to surrounding and bottom boundaries of the model. The 3D
numerical model is displayed in Fig. 4. The soil and rock layers were simulated using solid elements. The physical
and mechanical characteristics of soil and rock masses were identified through site investigation, as detailed in
Table 1. Table 2 lists the materials properties for tunnel lining structure.

The Mohr-Coulomb model was selected for soil simulation, with a lower critical damping ratio applied
during dynamic calculations. Hysteresis damping was taken as a default value, while Rayleigh damping was
set to be a critical damping ratio of 0.5%. The existing tunnel lining structure, the new shield segment, and the
grouting layer were all modelled with elastic elements.

The newly constructed shield tunnel was excavated incrementally at 1.5 m per cycle. Considering the length
and weight of the shield, an elastomer model was employed for the shield shell, and its density and elastic
modulus were assigned based on actual engineering practices. The chamber pressure was simulated by applying
surface loads to the tunnel face. The grouting pressure was modelled by radial loads applied to the surrounding
soil. The friction force was modelled by applying transverse loads to the soil surrounding the shield shell. The
thrust force was simulated by applying nodal forces to the segment elements. According to the calculation
formula, the friction force is not uniformly distributed on the contact surface between the shield shell and the
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Fig. 4. Numerical model.
Elastic
Angle of internal Bulk modulus | modulus
Strata Natural density (g/cm®) | Cohesion (KPa) | friction (°) Poisson’s ratio | (MPa) (MPa)
Cohesive fill soil 1.97 15 12 0.35 35 9.3
Silty clay 1.95 35 15 0.33 46 12
Highly weathered mudstone siltstone 212 40 27 0.28 65.2 200
Moderately weathered mudstone siltstone | 2.72 200 30 0.25 986 3000
Table 1. Physical and mechanical properties of the strata.
Materials Densities (g/cm®) | Poisson’s ratio | Bulk modulus (MPa) | Modulus of elasticity (MPa) | Shear modulus (MPa)
Primary support 245 0.167 10,700 25,000 16,200
Secondary lining 2.5 0.167 12,860 30,000 16,200
Segment 2.5 0.2 15,300 27,600 11,500
Grout equivalent circle zone | 2.3 0.25 450 1200 800

Table 2. Physical and mechanical properties for structural materials.

soil; instead, the friction force magnitude at each point depends on the coordinates and angle associated with
that point. Therefore, this study employed the built-in Fish language in FLAC3D to apply relevant loads to the
soil in contact with the shield shell, where angle and coordinates were utilized as variables. This approach aimed
to simulate the effect of friction on the soil and enhance the accuracy of numerical calculations while ensuring
that the results align more closely with actual engineering conditions.

Details of numerical simulation
Given the minimal impact of groundwater at the construction site, groundwater seepage effect was not
considered. The numerical simulation consisted of the following procedures:

1. Develop a numerical model of the foundation pit.
Disable the dynamic analysis mode, assign soil parameter values to the model, and perform equilibrium
calculation for the foundation pit under initial gravitational conditions.

3. Excavate the tunnel in stages and conduct stress equilibrium calculations after each excavation stage.

4. Apply both static and dynamic loads from trains to the railway foundation of the existing tunnel, followed by
displacement calculations under various loading conditions.

Setup of monitoring points

The region most affected by shield tunneling is typically located between the left and right lines of the new
tunnel. The second most affected region is usually situated at the intersection of the new and existing tunnels.
Consequently, the layout of the monitoring points are illustrated in Fig. 5.
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Fig. 5. Layout of monitoring points.

Analysis of computational results

Impact on displacement before and after application of dynamic loads

Figure 6 compared the vault displacements for the existing tunnel under conditions with and without dynamic
loads applied at 80 km/h. It was revealed that the maximum uplift differences were 5.2 mm and 7.0 mm,
respectively, while the horizontal displacement differences were 2.2 mm and 2.26 mm, respectively. After the
application of dynamic loads, displacement increased significantly, which was primarily attributed to geological
conditions, softening of the strata from the dynamic load, as well as the durations of friction, chamber pressure,
and grouting pressure during excavation.

Since the shield tunneling first passed through the left line of the existing tunnel and then the right line, the
friction, chamber pressure, and grouting pressure on the left and right lines varied over time. The deformation
curves for these two lines differed and exhibited different variation trends. The peak uplifts at the arch of the
existing tunnel’s left and right lines before and after applying the dynamic load were approximately 3.0 mm and
3.1 mm, respectively. The horizontal displacement of the existing tunnel under both conditions increased as
cutterhead approached, and then gradually stabilized after the shield tail passed. The maximum deformation
differences between the two conditions were small, with values at six monitoring points on vault being 1.14, 1.03,
1.02, 1.05, 0.98, and 1.10 mm, respectively. The time needed for tunnel deformation to stabilize varied, where
the horizontal deformations of the left and right lines stabilized after approximately 25 and 40 excavation cycles,
respectively.

Impact of dynamic loads on displacements

Numerical simulations were conducted under four conditions: no train load, 40 km/h train load equivalent
to static soil pressure (static load), 40 km/h dynamic load, and 80 km/h dynamic load. Figure 7 illustrates the
results from measuring point 1. The displacement curves for static load and 40 km/h dynamic load were almost
identical, demonstrating similar increasing rates. In this case, the application of dynamic loads minimally
affected the lateral displacements. Thus, for train speeds of 40 km/h or less, the train load can be treated as
equivalent to a static load for analysis purposes.

Stress evaluation in the rock surrounding the tunnel.

Figure 1 revealed that the strata near the centreline of the existing tunnel transition from silty clay to strongly
weathered muddy siltstone, and then to moderately weathered muddy siltstone. At this stage, as described in
section "Stress in surrounding rock of existing tunnels”, lithological changes around the upper tunnel resulted
in variations in rock cohesion c and internal friction angle . Consequently, the o9 and o, magnitudes that the
surrounding rock can withstand also changed. In addition, the dynamic loads from trains in the tunnel could
easily cause the surrounding strata to fail first.

Derivations from Egs. (10) to (18) indicated that as the stratum around the upper tunnel transitions from
homogeneous hard rock to homogeneous soft rock, both ¢ and ¢ gradually decrease. Consequently, the radial
stress 0 and the tangential stress o also decreased, which indicated a higher stress release rate in soft rock
surrounding the upper tunnel. Specifically, the vault settlement was more affected by o-. A higher stress release
rate corresponded to greater settlement caused by excavation of the lower tunnel and dynamic loads from the
train in the upper tunnel.

This analysis suggested that the stress distribution within the surrounding rock of the upper tunnels
significantly differs from that within a uniform stratum. This discrepancy was evident as the stress release in
soft rock was significantly higher than that in hard rock. Therefore, at the same location, stress values in soft
rock were lower than those in hard rock. This resulted in an uneven stress distribution within the surrounding
rock, leading to plastic and deformation zones primarily located in the surrounding rock with poorer properties.

Scientific Reports |

(2025) 15:8415 | https://doi.org/10.1038/s41598-024-81128-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

—=— Monitoring point 1
—e— Monitoring point 2
[=—— Monitoring point 3
—— Monitoring point 4
[—— Monitoring point 5
—<— Monitoring point 6

oo

—=— Monitoring point 7
—e— Monitoring point 8
[~—— Monitoring point 9
—— Monitoring point 10
|=—+— Monitoring point 11
—<— Monitoring point 12

) )
g g
2 %
E £
[=] =}
& &
26 2
E g4
.g E
Y g3
=] (=}
| )
o
£ g
3 5 8 1
< <
= RN =
S S
E 3’
5 0 SR 5 a4
> >
1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Number of shield rings Number of shield rings
(a)
5
) East
g E
E4r ED T = e 0 Mee
g 820
g g
E3f g
‘g g 1.5+
=] =}
=) &
G e
SN B
g £1.0-
5 5
S 1 3
g —=— Monitoring point 1 g05r —a— Monitoring point 7
= —e— Monitoring point 2 [ —e—Monitoring point §
s —+— Monitoring point 3 [ —+— Monitoring point 9
3 —+— Monitoring point 4 | & —— Monitoring point 10
=0 —+— Monitoring point 5 |5 0.0 [#o%## —+— Monitoring point 11
— —— Monitoring point 6 [ < Monitoring point 12
1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Number of shield rings Number of shield rings
(b)
[—— Monitoring point 1 8 == Monitoring point 7
’g 12 |—=—Monitoring point 2 ’g —e— Monitoring point 8
g [—— Monitoring point 3 g I—— Monitoring point 9
= [—v— Mon!mr{ng p()!m 4 Tn/ — Moniloring pc{nl 10
£ 10 e o £ 6 - Voniornepaim 12
2 =
on 8 on
g g
26 g4
2 £
g g
o« 4 Py
2 S2
= =
g2 £
8 3
< <
s O \ 50
E 5 Teegy 0 | E
T 2r \ AN g
£ £at
> 4r >
1 1 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Number of shield rings Number of shield rings

Fig. 6. Displacement curves at various monitoring points.

(c)

As illustrated in Fig. 8, as the interface between soft and hard rock rotated counterclockwise around the
tunnel center, the angle between the interface and the horizontal line, denoted as a, ranged from 0° to 90°.
As « increased, the rock on the left side of the vertical line gradually transitioned to soft rock, resulting in a
higher proportion of soft rock in the surrounding rock of the left tunnel. According to Egs. (17) and (18), the
stresses in the surrounding rock of the left tunnel easily reached its limit. Once the stress release rate limit was
exceeded, the upper tunnel on the left side sustained damage, with the left surrounding rock being the first
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Fig. 7. Displacement curves at monitoring point 1 under different dynamic load conditions.
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Working condition

Load pattern | Speed/km/h | Vertical displacement/mm | Lateral displacement/mm | Safety and stability coefficient
No No 8.2 4.4 1.526

Static load 40 9.3 4.7 1.436

Dynamic load | 40 9.7 4.9 1.431

Dynamic load | 80 11.1 54 1.419

Actual measured value 10.3 5 -

Table 3. Comparison between measured data and maximum simulation values.

to fail. Subsequently, new loads developed on the right side, leading to the failure of the right surrounding
rock. In practical engineering, deformation at the soft-hard rock interface must be monitored to prevent similar
structural failures.

Discussion

Considering the extensive computational demands for assessing model stability, FLAC3D software and strength
reduction method were employed to determine the safety stability coefficients across various operational
conditions. Table 3 summarizes the numerical results.

It was observed that when using the proposed model, which accounts for dynamic loads, the simulation
errors relative to actual measured values were 0.8 and 0.4 mm, respectively, which were 1.3 and 0.2 mm lower
than those of the model without considering dynamic loads. This observation demonstrated the accuracy of
the proposed simulation approach. At a train speed of 80 km/h, the maximum vertical displacement at the
monitoring point was 11.1 mm, indicating an increase of 2.9 mm relative to the situation without dynamic load.
The safety and stability coefficient in this case was 1.419, which fell within the standard range. When trains travel
at 40 km/h, the predicted overall responses were comparable under both static and dynamic load conditions.
Thus, train speeds of 40 km/h or less can be considered equivalent to static loads for analysis purpose. In
summary, the effect of dynamic load on mechanical behavior should be thoroughly considered in construction
projects. Ignoring this issue may lead to deviations in the safety and stability coeflicients and pose a serious
threat to the safety of nearby projects and metro operations, which warrants attention.

Conclusions and recommendations

Excavation of adjacent shield tunnels has always been a challenging problem that is affected by dynamic loads
from existing tunnels, groundwater, ground subsidence, and ground fissures. This study utilized existing
deformation data from a comparable project to develop a simulation method for shield-soil friction under
dynamic load conditions during excavation of new tunnels. Based on the analysis of surrounding rock stress and
strength reduction method, this study revealed the relationship between the dynamic loads from subway trains
and the tunnel stability. The following conclusions are drawn:

1. The numerical models that considers the combined effects of dynamic loads and friction surrounding the
shield were developed using the FIAC3D software to more accurately depict the impact of tunnel excava-
tion on nearby existing tunnels. Under a dynamic load condition, the overall safety and stability coefficient
decreased by approximately 0.1 compared to the condition without train load. It is essential to carefully
consider the impact of dynamic train loads on the overall structural stability of the surrounding region when
excavating new adjacent tunnels.

2. The dynamic train load can be considered equivalent to a static load for analysis purposes, while the premise
is that the train’s speed does not exceed a certain threshold.

3. The stress distribution within the surrounding rock of the upper tunnels significantly differed from that
within a uniform stratum. This difference was reflected by the fact that the stress release in soft rock was
significantly higher than that in hard rock. Thus, an uneven distribution of surrounding rock stress occurred,
which resulted in plastic and deformation zones surrounding the upper tunnel mainly concentrated in the
surrounding rock with poorer properties.

4. As the interface between soft and hard rock rotated counterclockwise around the tunnel centre, the stress
that the surrounding rock of the tunnel on the left side of the vertical line can withstand may easily reach its
limit. When the space between the upper and lower tunnels was insufficient, sensitivity to disturbances from
train loads. Reducing train speed could minimize the interference with the construction process.

5. The proposed simulation approach in this study did not consider the impacts of factors such as groundwater
and surface structures. As a result, there were still discrepancies between calculated results and observed
measurements. It is recommended that future research should provide a more comprehensive and detailed
analysis of the aforementioned factors.
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Data is provided within the manuscript or supplementary information files.
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