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Longitudinal seismic responses
of large diameter shield tunnel
crossing liquefied bank slope

Xiaoxiong Li%*?*“, Haiyang Zhuang¥*, Bin Ruan?, Kai Zhao'*’ & Guoxing Chen?

The lateral spread of the fluvial terraces due to liquefaction can cause tremendous physical damage to
the underground structure. This paper designs a liquefaction slippage site and discusses the feasibility
of the generalized response displacement method for investigating the seismic response of shield
tunnels in liquefaction slippage areas. According to the actual shield tunnel project across the lower
reaches of the Yangtze River, a 4.8-km large-scale liquefaction site and a refined beam-spring shield
tunnel model based on the generalized response displacement method are established, respectively.
Further, the seismic response of the shield tunnel is evaluated. The numerical results show that for

the focus area: (1) The generalized response displacement method can consider the influences of
topographic effects and site liquefaction slippage on the longitudinal seismic response of the shield
tunnel. (2) The site slippage of bank slope is harmful to the safety of the large-diameter tunnel
structure, as it may cause a large longitudinal opening width at the ring intersegment as well as sudden
changes in section tension and pressure. (3) The bending moment variation curve and the acceleration
amplification factor curve along the tunnel axis are consistent with the site topography, and the curves
show obvious abrupt changes in the liquefied slippage areas.

Keywords Shield tunnel, Generalized response displacement method, Liquefied slippage, Opening width at
ring intersegment, Seismic response

With rapidly developing of urban rail transit and the coordinated development of riverside and coastal urban
agglomerations, the shield tunnel project is developing rapidly"2. The shield tunnel crosses the lower reaches of
the Yangtze River, which has a gently slope and a considerable amount of newly deposited cohesionless soils exist
on both sides of the valley®. Under strong seismic waves, it is very easy to cause earthquake disasters, such as
the liquefied slippage. The liquefaction of the stratum will cause the change of the load balance relationship and
increase the stress in the structure Section®”. The liquefaction slippage of the site may increase the opening width
and aggravate the concrete damage at the joint. ‘Standard for Seismic Design of Underground Structures (GB/
T51336-2018) states shield tunnels should not cross strata that may experience liquefaction. However, when
bypassing is not possible, the adverse effects of liquefaction on the structural safety and stability should be
analyzed, and seismic and damping measures should be taken. Therefore, the potential impact of site liquefaction
slip on the structural safety cannot be ignored.

The shield tunnel is an ultra-long linear structure that takes up a lot of space and generally lasts several
kilometers. Accordingly, the tunnel will inevitably cross different soil layers with large differences in stiffness®’.
Considerable researches have shown that near the soil interface, the structure’s seismic response increases
significantly®®®. Hence, more attention should be paid on the longitudinal seismic performance of the shield
tunnel. The shield tunnel is assembled by segments, ring bolts, and longitudinal bolts, and such flexible
connection construction is conducive to reducing seismic forces. However, it leads to several problems such as
susceptibility to damage at tunnel joints and poor integrity. This was confirmed by the post-earthquake disaster
investigation of the shield tunnel'®-13, Therefore, the flexible connection of bolts needs to be considered when
investigating the longitudinal seismic response characteristics.

Unlike superstructures, underground structures are completely buried in the soil. The structure is not limited
by the inertial forces, but rather by the soil surrounding it, and the surrounding soil is responsible for more
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than 95% of the seismic response!*~'”. The theory of emphasizing the deformation of the foundation free field is

widely used in the seismic design of underground structures'®-%°. ‘Code for Seismic Design of Urban Rail Transit
Structures (GB50909-2014) adopt the response displacement method. The tunnel structure and foundation soil
are simplified as continuous beams and springs, respectively. However, this method assumes that the sinusoidal
distribution of the stratum is inconsistent with the spatial displacement distribution of the non-uniform site. The
calculated results based on accurate vibration state and stratum spring stiffness are almost consistent with the
results of complex dynamic analysis*""?2. From this point of view, Chen et al.?* proposed the generalized response
displacement method. The method considers the nonlinear characteristics of the soil layer in the inhomogeneous
site under seismic waves, and investigates the longitudinal seismic response characteristics.

The quasi-static method is generally used to calculate the longitudinal seismic response of shield tunnel.
Therefore, in this paper, the quasi-static method-generalized response displacement method proposed by the
research group is used to study the longitudinal seismic response of shield tunnel crossing the liquefied slip
zone. This method takes the deformation of the free field layer as the seismic equivalent load, and loads the
displacement time history of the free field nodes into the beam-spring model. However, the nonlinearity of the
site soil and the kilometer-scale (4.8 km) lateral deformation limit the computability of the numerical simulation
of such sites. This article focuses on the complexity of the terrain and the particularity of the strata of the wide
valley site in the lower reaches of the Yangtze River, and combines the geological profile of the actual engineering
site to establish a refined model of the wide valley site in the lower reaches of the Yangtze River. The established
viscoelastic plastic constitutive model for large deformation of sand liquefaction and the ALE method have been
adopted to solve the difficulty of simulating slip large deformation at this type of site. Subsequently, a 4.8 km
refined beam-spring shield tunnel model was established to study the longitudinal seismic responses of large-
diameter shield tunnel crossing liquefied bank slope. The research results could improve the understanding of
the earthquake damage mechanism of tunnels crossing the liquefied slippage area.

Engineering overview

The lower reaches of the Yangtze River entrance to the sea is selected. The site has wide multi-stage terraces and
flood plain on both sides, and the slope of the valley is generally 1° ~ 2°, which is significantly smoother than that
of the conventional valley. Due to the special sedimentary environment, the terrace is characterised by a typical
binary stratified rhythmic structure?’. Local changes in hydrodynamic conditions during deposition form the
lenticular bodies in the sand layer. Since large quantities of sand that is carried downstream and deposited here,
a very loose and thick layer of sand is formed each yearof which the sand is the typical Nanjing sand, which is
more liquefiable?. The site is susceptible to liquefaction slippage under strong seismic waves.

The topographic relief of the project varies greatly along the north-south direction. According to the standard
penetration test of soil layers in the geotechnical investigation report for the Sutong GIL pipe gallery engineering
project, the average value of 20 m liquefaction index I\ ; of a total of 15 hole numbers in ®, and @, soil layers on
the south bank is 26.1, and the liquefaction degree of soil layers is severe (According to ‘Code for Seismic Design
of Buildings (GB50011-2016) 0<I,; <6 slight, 6 <I,; <18 moderate, 18 <I severe). The top of both ends of the
tunnel with an outer diameter of 11.6 m is 8 m-10 m away from the ground surface. The tunnel crosses @, layers.
Figure 1 shows the north-south section along the tunnel. Table 1 shows the parameters of soil layer. G,=p-v2,
where p and v, are the density and shear wave velocity of the soil layer, respectively.

Generalized response displacement method numerical modeling

Free-field site model

The true size of geometry model was provided by the geotechnical investigation report of the site as a CAD
drawing, as shown in Fig. 1. A finite element model of the referred wide river valley of Yangtze River is
established at the scale of several kilometers, fully considering the fluvial terrace features and non-uniform
spatial distribution, as presented in Fig. 2. The numbers in Fig. 2 represent different soil layers, with specific
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Fig. 1. The site cross-section.
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Soil name Maximum initial shear modulus G (MPa) | Weight (kN/m?) | Internal friction angle ¢ (°) | Young’s modulus (MPa) | Poisson’s ratio v
@, silty fine sand 33 19.6 34.2 4.5 0.37
@, silty sand 63 19.3 28.0 4.5 0.34
®,_,, silty clay mixed with silt | 47 183 33.9 7.8 0.34
@ ssilty clay 109 18.9 24.7 23 0.37
®, muddy clay 18 18 21.3 1.5 0.39
@, silty sand 49 19.3 31.2 3.9 0.34
®, muddy silty 46 18.1 19.9 1.5 0.39
@, silt and silty 114 18.3 253 6.5 0.34
®, muddy silty 46 18.0 23.6 2.5 0.39
@, silty clay mixed silt 59 18.1 24.5 5.2 0.34
@,_, silty fine sand 172 19.1 352 9.2 0.29
@, silty soils 123 18.2 28.6 10.5 0.32
® fine sand 216 19.8 33.6 40.9 0.26
®, silty fine sand 201 19.6 34.0 229 0.29
®, medium-coarse sand 220 20.2 35.2 48.0 0.27
®,_, silty sand 250 19.3 38.2 37.5 0.25
@ silty sand 304 20 31.6 26.0 0.34

Table 1. Physical and mechanical parameters of the soils.
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Fig. 2. Free-field site model.

layer names consistent with those in Fig. 1. Additionally, the seismic response of several kilometers of site must
consider the traveling wave effect. The nodes within 50 m of the bottom of the free field are a set and the wave
speed is 1000 m/s. The travelling wave effect is simulated by the phase difference of the set distance/wave speed
conversion at each node of the foundation. In the model, the underground water depth is located at the ground
surface, while the overlying water is not considered.

Under the cyclic loading, the shear modulus should degenerate with the number of cyclic loading and
the dynamic deformation of soil should show the unidirectional accumulation property, which could not be
simulated by the Mohr-Coulomb model or (modified) Cam-clay model. Due to the above problem, the visco-
elastoplastic memorial nested yield surface model is employed to simulate the liquefaction behavior of the sandy
soil in the lower reaches of Yangtze River, which is originally proposed by Elgamal and Yang, and recently
improved by Zhuang et al.?. In particular, the mixed hardening modulus field theory combining the isotropic
hardening and dynamic hardening is adopted, as presented in Fig. 3. In the stress-strain relationship expression
of the constitutive model, Rayleigh damping is introduced to account for the viscosity effect of the soil. Using
dynamic triaxial test to verify the feasibility of this dynamic constitutive model®”. The calculation dynamic
parameters of liquefiable sand @, are determined, shown in Table 2. The constitutive calculation parameters of
the other soil layer are derived from the parameters in Table 1?’. The established viscoelastic plastic constitutive
model for large deformation of sand liquefaction and the ALE method have been adopted to solve the difficulty
of simulating slip large deformation at this type of site.

Within an effective stress site response framework, the present manuscript adopts a loosely coupled approach
that predicts excess pore water pressure by adopting relationships used in combination with constitutive models
that address total stress. Based on the volumetric compatibility condition of the soil skeleton and pore water in
the dynamic Biot theory, the change in excess pore water pressure AP is directly related to the increment in
volumetric strain Aev for undrained conditions,

AP = KAevy (1)

Note that the bulk modulus, K, plays an important role in determining the magnitude of the cyclic loading
impact on the generation of excess pore water pressure. The excess pore water pressure is thereby predicted
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Fig. 3. Yield surfaces in the principal stress space and the deviatoric plane. (a) The yield surfaces in stress
space; (b) The yield surfaces in deviatoric plane.

Parameters Value Parameters Value

Reference shear modulus G,=49 MPa | Contraction €,=0.15. ¢,=0.5
Reference mean pressure p,=100kPa | Hardening e, =08\ e,=2.8
Pressure dependence exponent | n ,=0.5 Dilation d =03, d,=100
Friction angle $=320 Locking strain =001, y,=0
Phase transformation angle b= 280 Locking release pressure | p =0.5 kPa
Residual strength pressure a=5kPa Slip strain y4=0.01

Table 2. Dynamic calculation parameters of liquefiable sand.
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Fig. 4. Predicted results of the finite element method compared with the test results.

at each time step with respect to the plastic irreversible volumetric strain, which is calculated by the visco-
elastoplastic memorial nested yield surface model.

Furthermore, we make the undrained condition assumption of the fluvial terraces at the lower reaches of
Yangtze River during earthquakes as tradition, because of 1) the low soil permeability of river sediments of
concern and 2) high rate of loading caused by strong earthquake shaking. Under the undrained condition, no
relative movement of the pore fluid and also re-consolidation are permitted, i.e., k= 0252,

To verified the constitutive model of the liquefiable soil model and the constitutive parameters in Table 2, A
3-D numerical model has then developed to model the dynamic responses of a sand sample tested in a dynamic
triaxial machine®. Then, the predicted axial-strain time histories and the strain—stress curves are compared with
the test results, as shown in Fig. 4, which shows that the constitutive parameters are reasonable.

The initial geostatic stress conditions of the surrounding soil will have a major impact on its dynamic
characteristics. In previous analysis methods, the static analysis step and the dynamic analysis step were analyzed
separately, and then the calculation results of two steps are added together, these methods can not consider
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the influence of the initial geostatic stress on the dynamic properties of the soil. To solve this problem, the
static-dynamic coupling finite element analysis model was developed by Zhuang et al.>!. In this model, before
performing dynamic analysis step, the static stress state is calculated and the dynamic shear modulus of the soils
was updated based on the static confining stress, the static and dynamic analysis steps are coupled together.

The model analysis process includes static analysis and dynamic analysis: 1) Prior to performing seismic
response analysis, the static analysis step is needed to impose the initial stress in the model. The bottom boundary
is set a fixed constraint, and the lateral boundaries on both sides are only fixed at the horizontal direction. 2)
In the process of seismic response analysis, the lateral boundaries are released at the horizontal direction from
the static analysis step. Thus, the lateral boundaries are horizontally free and vertically constrained. In addition,
horizontally loaded reaction force (RF), which is obtained by static analysis. As shown in Fig. 5.

The model boundary handling is important for the seismic response of the site. Due to the complicated
geological condition of the site, it is very difficult by using the analytic boundary treatment method to weaken
the reflective wave from the different directions induced by the non-homogeneous soil layers. To solve this
problem, the lateral boundaries of the finite element model in this study was set to be wider than the main wide
river valley to weaken the reflective wave from the lateral boundaries by the additional lateral soils. In addition,
Chen et al.* used the same boundary treatment as in this paper, and the feasibility of the numerical simulation
was verified by model test.

Numerical model of soil-tunnels system

Using the generalized response displacement method proposed by Chen et al.?3, a refined shield tunnel beam-
spring model is established, as shown in Fig. 6. The tunnel segment is simplified as a 3D linear beam element
(B31). The beam elements are disconnected from each other to simulate the ring segment joints. The seismic
response is coupled by the longitudinal, transverse, and vertical’. Therefore, the connection between beam
elements needs to consider the seismic response in different directions. In consideration of this, the axial spring
K, rotational spring K,, and shear spring K_ are used to connect each beam element in the model. The beam
element in the software cannot present the elliptical deformation of the cross-section. Therefore, this deformation
of structure is not taken into account in the article.

It is shown in Tables 3 and 4for the basic mechanical parameters of the segments and the connecting bolts.
There are 22 longitudinal bolts at each circumferential seam of the tunnel. The longitudinal deformation of
the tunnel under seismic wave is composed of tensile and compressive deformation. When the tunnel is in
tension, the connecting bolts between the segment rings provide tensile force, and the sum of the stiffnesses
of the connecting bolts is the joint’s axial tensile stiffness. When the tunnel is compressed, the pressure is only
borne by the segment ring. the segment ring concrete provides the axial compressive stiffness. Therefore, the
joint bolts exhibit different nonlinear characteristics in tension and compression. In consideration of the tunnel
bending deformation, the tunnel cross-section consists of compressive and tensile zones. The tensile force is
supported by the connecting bolt; the compressive zone is supported by the segment ring, and the concrete of
the segment ring is always in the elastic state?*. Table 5 gives the nonlinear bolts and torsion springs. The beam
element is a circular ring with an inner and outer diameter of 11.8 m and 10.6 m respectively, and the length is
2 m. The tunnel length is 4800 m, the length of each segment is 2 m, and there are 2400 beam elements. A total of
7197 connection springs is set between the beam elements and 9600 subgrade springs-dampers are built around
the tunnel. However, the initial stress of the bolt is neglect in this study in that it has weaker effect on the seismic
responses under the larger soil deformation.

The extraction and loading of free-field displacements and the building of the beam-spring model are more
cumbersome in the generalized response displacement method. Therefore, this paper uses ABAQUS (Abaqus
6.14, https://www.3ds.com/products-services/simulia/products/abaqus/) and Python (Python 3.9, https://www
.python.org/downloads/release/python-390/) joint modeling. Firstly, the free field model is established using
ABAQUS (Abaqus 6.14, https://www.3ds.com/products-services/simulia/products/abaqus/) software. The soil
nodes at the buried depth of the tunnel in the free field are set as a special node set, and the nodes in this set
are renumbered longitudinally along the buried depth of the tunnel. Subsequently, the free-field model seismic
response calculation is carried out, and Python (Python 3.9, https://www.python.org/downloads/release/pyth

> K
Stepl: Static step-gravity calculation Stepl: Statif:‘step . . Step2: Dynamic step
- - equilibrate geostatic loading
. RF Gravity
> Gravity —_
‘ 2 Gravity l
““l‘l‘l ll‘lil‘ l Y Y VYYVYY VY
> vy VY VY v v —) v v v
_ Acceleration
PR A% %% % hm h

() (©

Fig. 5. Transformation settings. (a) Static analysis step; (b) Equilibrate geostatic loading; (c) Dynamic analysis
step-input acceleration.
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Fig. 6. Schematic diagram of the generalized response displacement method.

C60 11.6 10.5 2 36 0.2

Table 3. Parameters of the concrete segment.
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Diameters dj/mm | Length /[ /mm | Elastic modulus E/GPa | Tensional rigidity /kN/m | Shear stresses /GPa | Elastic-plastic stiffness ratio
40 648 206 432 1.09 0.01
Table 4. Ring joint bolt parameters.
Initial tension stiffness Post-yield tension Tensile ultimate Tensile yield force Yield Deformation /Ultimate
Compression stiffness K_(kN) | K, (kN) stiffness K, (kN) force N, (kN) Ny (kN) Deformation dy/ dm
3.44E11 9.5E9 9.5E7 2.29E4 1.93E4 2.0/39.9

(kN-m/rad)

Post-yield bending stiffness K92 | Initial bending Stiffness K1 | Ultimate Moment M,,, | Yield moment M, | Ultimate rotational

Yield rotational angle 6, (rad)

(kN-m/rad) (kN-m) (kN-m) angle 6,,, (rad)

4.38E9

3.89E11 8.74E4 6.90E4 44E-3 1.78E-4

Table 5. Nonlinear spring parameters of pipe-ring joint.

on-390/) is used to extract quickly the displacement time history of each node inx the set. By calculating the
spatial coordinates of each beam element of the model, the establishment of the beam element is completed
in combination with the math library of Python (Python 3.9, https://www.python.org/downloads/release/pyt
hon-390/). The reference point is established around the beam element, and the spring is used to connect the
adjacent beam element endpoint, the reference point and the beam element (soil springs) respectively. Based
on the xlrd library in Python (Python 3.9, https://www.python.org/downloads/release/python-390/), the free
field node displacement time history stored in the excel file is easily loaded into the reference point around the
beam, and the seismic response calculation of the shield tunnel model is completed. In addition, during the
construction of shield tunnel, synchronous grouting or secondary grouting should be carried out in a certain
range of soil layer outside the segment®. The surrounding rock grouting reinforcement reduces the relative
dislocation displacements between the structure and the surrounding rock during earthquakes. Therefore, the
model in this paper does not consider the separation between structure and soil.

The difference of initial stresses in the soil around the tunnel is large, so the subgrade spring stiffness at
different locations in the same section needs to be calculated separately. The horizontal longitudinal k_and
transverse kysubgrade spring stiffness coefficients are computed as below™.

167Gs(1 — vim) d
r = = —-— 2
ke = ky 3—4v,, L @

The vertical subgrade spring stiffness coefficient is calculated using the following formula®.

2nGs d
ke = 1—vm L )
where G is the soil shear modulus, v, is the soil Poisson’s ratio, d is the diameter of the shield tunnel, L is
the wavelength. According to ‘Code for Seismic Design of Urban Rail Transit Structures (GB50909-2014) G,
denotes the shear modulus of foundation soil corresponding to the maximum strain amplitude of the earthquake
vibration. Based on the results of free field calculations to extract the maximum strain amplitude. Combined with
the results of the G/G_, _~ ytests of the newly deposited soils in the lower reaches of the Yangtze River entrance to
the sea®, the non-liquefied soil layer Gs determined. For liquefied soil layers, the attenuation function of shear
modulus with cumulative deformation amplitude of unidirectional flow under mega-deformation after initial
liquefaction of saturated fine sand is given by>.

Gs _ 12.07v54°%° x 1073 (4)
Go

where, G, initial maximum shear modulus, ysa cumulative strain amplitude of unidirectional flow after
liquefaction of saturated fine sand. The G of the liquefied soil is then determined.

In order to effectively simulate the tunnel-soil interaction, dampers are set around the tunnel beam element.
The damping coefficient in different directions also differs. The horizontal longitudinal Cy, horizontal transverse
Cy and vertical C,subgrade spring damping coeflicients are computed as below?®.

Cr = pVsmd (5)
Cy =C. = pVid+ pViad (6)

where V_is the shear wave velocity, Vi, is the Lysmer wave velocity, and the calculation formula is as follows.

3.4
Vie = mvb (7)
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After liquefaction, the damping gradually decreases. According to the experimental results of Xu et al.’” on the
damping change of sandy soil after liquefaction, the damping coeflicient of the liquefied layer is reduced.

Input motion selection

One of the most important issues on the seismic ground response analysis is the selection of input earthquake
motion. It is preferable to select earthquake records observed in or near the target site. However, it is impossible
due to the lack of recordings in this studied region as mentioned above. Also, the selected earthquake motions
should cover a variety of characteristics (frequency content, duration, acceleration, and intensity) such as those
representatives of earthquake mechanism along the lower reaches of Yangtze River. Therefore, representative
earthquake records that have been often used in the earthquake resistant design are selected in this study. A set
of three typical and commonly used ground motion records, Kobe motion, Shifangbajiao (SFBJ) motion and
Mianzhugingping (MZQP) motion are selected to be applied as input motions from the bedrock. The Kobe
motion is selected mainly because significant damage occurred over a widespread area in Hyogo Prefecture and
its vicinity during the 1995 Hyogoken-Nambu (Kobe) earthquake, as well as there are some slightly inclined
site slips which induced severe damage to the coastal engineering. The recorded SFB] motion and MZQP
motion are of interest due to the reason that these two near-fault motions were recorded during the 2008
Wenchuan earthquake. Figure 7 illustrates the acceleration time histories and its corresponding Fourier spectra,
respectively. These selected earthquake motions contain broad and rich frequency content in the North-South
(NS) direction. Furthermore, the PGA (peak ground acceleration) /PGV (peak ground velocity) records at the
Kobe-, SFBJ- and MZQP motions are 0.918, 0.508 and 1.220, respectively. Based on the classification criterion
on the earthquake motions proposed by Tso et al.*%: 1) PGA/PGV > 1.2, high frequency motion; 2) 0.8 <PGA/
PGV < 1.2, medium-frequency motion; and 3) PGA/PGV <0.8, low-frequency motion, these three selected
earthquake motions cover a full range of the low-, medium- and high frequency motions accordingly.

Yu et al.®%studied the earthquake damage of Longxi tunnel in Wenchuan earthquake in 2008, and combined
with numerical analysis to prove that vertical ground motion can usually be ignored compared with longitudinal
ground motion of tunnel. Furthermore, the Daikai station is the first well-documented case of a completely
collapsed large underground structure subjected to ground motion. Most of the studies on the seismic damage of
this subway station emphasize that the horizontal deformation of the soil layer is the main cause of shear damage
to the structure. Horizontal ground shaking is the main cause, while the effect of vertical ground shaking is
relatively limited*'*2. Finally, the recorded earthquake motions are scaled to 0.10 g, 0.15 g and 0.20 g by adjusting
the original PGA and employed as horizontal input ground motions in the numerical analysis.

It should be emphasized that, since the width of this wide river valley site reaches to 4800 m, the seismic
wave propagation at different locations may exhibit temporal asynchrony. Therefore, the traveling wave effect of
the input ground motion must be considered. The traveling wave velocity adopted in the analysis is 1000 m/s.
In the established numerical model, the nodes within 50 m at the model bottom form a set, and the traveling
wave effect of seismic waves is simulated by inputting ground motions asynchronously among these different
node sets.

The input of seismic wave in this paper only considers the phase difference in the propagation process,
and does not consider the difference of amplitude. The reason for this simplification is that: 1) seismic waves
propagate in bedrock with lower energy loss, faster wave velocity, more stable propagation, and the waveform
change is small; 2) compared with the amplitude, the phase difference has a greater impact on the dynamic
response and safety of the structure and site®’.

Method verification
Chen et al?? verified the generalized response displacement method’s accuracy by establishing a 3D FEA
model of the surrounding rock tunnel, and applied it to the investigation of the longitudinal seismic response.
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Fig. 7. Acceleration time-history and Fourier spectra at different earthquake events.

Scientific Reports |

(2025) 15:13473

| https://doi.org/10.1038/s41598-025-95083-x

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

I:l Plain fill

A

tunnel pro fije

I‘JO m 25m | lﬁn

|:|Liqueﬁable sand ‘:lOld clay

200 m

200 m—>|<7 100 m >I<

v

500 m

A

Fig. 8. Free-field site numerical model.

A4

@ Internal friction angle /° | Shear wave velocity /(m/s) | Poisson’s ratio | Young’s modulus /MPa | Weight /kNem?
Plain fill 28.0 150 0.34 2.5 18.3
Liquefiable sand | 34.2 160 0.34 4.5 19.6
Old clay 38.2 330 0.25 37.5 20.2

Table 6. Physical parameters of soil layer.

Seismic waves | Slope & Tunnel longitudinal slope
Kobe-0.20 g 0°,3°%6°%9° | 4%

Table 7. Verification of the calculated conditions.

However, a further discussion is needed on the application of the generalized response displacement method
on the longitudinal seismic response of shield tunnels crossing liquefied slippage zones. Therefore, a liquefied
slippage site is designed to study the longitudinal seismic response. Further, the calculation results are checked
against the findings of related scholars to verify the reliability of this method.

Verification scheme

During an earthquake, the liquefaction and plastic flow of the underlying soil causes tensile damage of the
surface soil. The process of settlement, movement, rotation, decomposition, and flow of the damaged soil is
known as liquefied slip phenomenon. There are two conditions for the formation of “liquefied slip”: 1) the sandy
and silty soil foundations produces liquefaction under seismic action; 2) The surface is gentle slope or located
near the free face. A liquefiable site was designed based on the lower reaches of the Yangtze River?, as shown in
Fig. 8. The soil’s parameters are given in Table 6. The underground water level is is set to be 1.0 m. The total length
of the tunnel is 500 m, and there are 250 beam elements. A total of 747 connection springs are set between the
beam elements, and 1000 dampers-subgrade springs are built around the tunnel. The parameters are shown in
Table 3,4,5.

By analyzing the seismic response differences between under slope gradient change and the results from the
literature, the rationality of the generalized response displacement method for the research of seismic response
of shield tunnels in liquefied slippage areas is discussed. According to ‘Standard for Design of Shield Tunnel
Engineering (GB/T51438-2021) the maximum gradient of the shield tunnel is not greater than 6%. Combined
with above conditions, the changes of slope gradient « and tunnel longitudinal slope f3 in Fig. 8 are shown in
Table 7. Current studies have shown that shield tunnels are less prone to structural damage under small intensity
ground motions**. Therefore, this paper focuses on the longitudinal nonlinear seismic response rule under
0.20g.

Verification results

Distribution characteristics of site liquefaction slippage

The Fig. 9(a) shows the lateral slippage increases with the increase of the slope gradient. The 0° slope has no
obvious liquefaction slippage, and the maximum slippage displacement of the 9° slope reaches 2.4 m. The number
of sliding surfaces of the 6° and 9° slopes is significantly more than that of the 3° slopes. The sliding surface of the
3° slope shows a certain slope concave shape, but the 6° and 9° slopes are circular sliding surfaces. It can be found
from the vertical displacement cloud map of the site Fig. 9 (b) that the starting point of ground surface uplift of
3° slope is at the slope surface, and the uplifts of the 6° and 9° slopes are located at the bottom. In addition, the
9° slope uplift is further away from the foot of the slope. The above rule confirms that the 6° and 9° slopes are
circular sliding surfaces, and the sliding radius of the 9° slope is larger than 6° slope. Figure 10shows that the
liquefaction area of the 3° slope is significantly bigger than the other two working conditions. In accordance with

Scientific Reports |

(2025) 15:13473

| https://doi.org/10.1038/s41598-025-95083-x nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a) (b)

Fig. 9. Site liquefaction slippage after loading. (a) Horizontal displacement; (b) Vertical displacement.

Om 100 m 200 m 300 m 500 m

Fig. 10. Site liquefaction distribution.

the displacement cloud map, the lateral displacement induced by the liquefied slippage converts into circular
shear deformation caused by the weakened shear strength of the soil layer when the slope gradient is large?’.

‘General Rule for Performance-Based Seismic Design of Buildings (CECS160-2019) classifies the grade of
ground lateral displacement induced by the liquefaction when the ground surface is gently inclined as slight (0-
0.3 m), moderate (0.3 m-0.5 m), severe (0.5 m-1.0 m) and very severe (> 1.0 m). The lateral displacement under
0.2 g ground motion all exceeds 1.0 m, and the lateral displacement grade is very severe. From the top to the
bottom of the slope, the overall trend of slope slippage displacement shows an increase followed by a decrease,
which is consistent with the result of the centrifuge test by Taboada-Urtuzuastegui et al.*°.

Figure 10 shows the distribution of site liquefaction, and the black curve represents the longitudinal axis
of the structure. Figure indicates that sand has been liquefied (red zone) when SDV52 is greater than 1, where
SDV52 is the dynamic pore pressure ratio. The liquefied area in the bottom of the slope is considerably bigger
than in other locations. By considering Fig. 9, it is found that the soil layer at the bottom produces lateral
slippage along the interface between non-liquefied and liquefied layers, and the slippage displacement along the
depth upwards shows a stratification phenomenon. The shield tunnel in all working conditions only crosses the
liquefaction zone.

Opening width at ring intersegment

The opening width under seismic wave is one of the important indicators for structural safety assessment of
shield tunnels. The opening width is the maximum value of the difference between the displacement time
histories of adjacent segments. As shown in Fig. 11, the value is the absolute value that the displacement time
history at Point A minus that at Point B. Considering this, Fig. 12 shows the opening width curves along the
tunnel longitudinal under different working conditions. The curve does not take into account that there is no
opening within the 2 m width of a single segment, it is only the connection curve of the opening width.

Figure 12 shows that the amplitude of the opening width through the liquefied slippage zone varies
significantly. It indicates that the liquefied slippage aggravated damage of the structure. The opening width at ring
intersegment is divided into three sections: 0-100 m; 100-400 m; 400-500 m. The opening width under different
working conditions from 0-100 m has little difference, and the overall change amplitude is small; the opening
width varies greatly from 100-400 m, and the variability is large at different positions under the same working
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Fig. 12. Opening width of shield tunnel.

condition; the opening variation decreases under different working conditions from 400-500 m. The main reason
for the dramatic change of the 100-400 m opening width is that 200-300 m is the main slippage zone, which
has different soil slippage displacements along the longitudinal. Furthermore, the magnitude and variation of
the opening width at the top of the 0-100 m is small than that at the bottom of the 400-500 m. Combined
with Fig. 9(a), it can be seen that the above phenomenon is related to the soil slippage distribution pattern.
The above phenomenon illustrates that using the generalized response displacement method, the longitudinal
seismic response of the structure is mainly limited by the liquefied slip deformation. This is consistent with the
conclusion that the surrounding soil deformation determines the seismic response of the structure!*1¢.

The opening width of the tunnel crossing 0° slope is the same as other working conditions in the range of
0-30 m. However, with the increase of burial depth, the opening width at ring intersegment gradually decreases
and is much smaller than other working conditions. Although the tunnel crosses the liquefaction zone of 0°
slope, there is no significant slippage at the site. Therefore, the liquefaction of the site does not cause serious
damage to the structure, and the liquefied slippage of the soil layer is the main cause. Furthermore, the slope
slippage mode determines the variation pattern of the opening width.

Inner force
Figure 13 plotted the tensile force, compression curve, and bending moment maximum in the middle section
of the longitudinal ring intersegment of the structure, respectively. Figure 13 (a)—13(b) show that the 0-300 m
slope top and slope surface are mainly bearing axial tensile force, and the 300-500 m slope bottom is withstanding
axial compression. The tensile force and compression curves are consistent with opening width curves in Fig. 12.
Figure 13(c) shows that the maximum value curve of the bending moment has a tendency to first increase
and then decrease. The bending moment at the slope surface is larger than that at other locations, and there is a
sudden change at the foot. The slope surface bending moment increase should be related to the ground motion
amplification effect. The liquefaction degree of the soil at the foot of the slope is the most serious?’, which leads
to a reduction of soil stiffness around the tunnel, thus causing the greater tunnel deformation at this location.

Acceleration response

Figure 14 shows the curve of the longitudinal acceleration amplification factors (AF) of the shield tunnel, which
exhibits an overall trend of increasing and then decreasing. Where AF=peak acceleration of tunnel structure
/ peak bedrock acceleration (PBA). The acceleration amplification factor at the top of the slope shows an
approximately linear growth trend with the increase of slope gradient, but the difference is small under different
working conditions at the bottom of the slope. Combined with Fig. 8, the rule is related to the burial depth of the
tunnel. When the tunnel crosses a relatively gentle slope, the thicker the liquefied soil layer at the bottom of the
tunnel, the more obvious the effect on seismic isolation. Furthermore, the amplification effect of the acceleration
near the slope shoulder confirms the increasing trend of the tunnel bending moment at this location.
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Based on the generalized response displacement method, the shield tunnel deformation in the liquefied
slippage areas is mainly constrained by the surrounding soil layer. This is consistent with the current research
results on underground structural-stratum deformation'*!¢. The severe liquefaction of the soil layer at the foot
of the slope leads to a reduction of soil stiffness?’, and there is a peak of shield tunnel bending moment at the foot
of the slope. Hence, the spring-damping adopted can simulate the tunnel-soil interaction. Figure 14shows that
the acceleration amplification at the shoulder of the slope, which is consistent with the seismic measured*$.
Considering this, the generalized response displacement method can simulate the soil-structure interaction,
which reproduces the influences of liquefied slippage deformation, topographic effects, and soil liquefaction
on the longitudinal seismic response. Therefore, the generalized response displacement method is feasible for
investigating the longitudinal nonlinear seismic response of shield tunnels in liquefied slippage areas.
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Longitudinal seismic analysis of the shield tunnel

Site liquefaction slippage

The slippage pattern of the selected slightly inclined liquefiable sites, which is similar under different ground
motion intensities. Therefore, this paper only plots the distribution of soil liquefaction areas and the relative
lateral displacement curves on different paths between each node of the strata to the bottom of the foundation
under 0.10 g. As shown in Fig. 15—Fig. 16, the red curve is the longitudinal axis of structure.

Figure 15—Fig. 16show that the lateral displacement in zone B on the south bank is much larger than that in
zone A. The maximum ground lateral displacement at the non-liquefied site in zone A is only centimeter level,
but it reaches meter level in zone B. The lateral displacement in area B is caused by the large deformation of the
shallow soil. Thus, the site produces a large lateral slippage under seismic wave action. The direction of the slip
is consistent with the slope direction, and the larger slips occur at the surface location of the slope with a certain
slope. In general, the lateral slippage is caused by the accumulation of lateral displacement of the liquefiable layer,
which mainly occurs in the lower part of the liquefiable layer, and then slowly increase to the ground surface
along the depth. It should be noted that the direction of the slope at point B7 is opposite to that at other points.
Therefore, the lateral slippage direction of the ground surface at point B7 is also changed. The slope produces
lateral shift towards the valley bottom between B7 and B8, and the soil will accumulate at the bottom. At the
same position, the amplitude of ground lateral spreading was highest for the input SFB] motion, intermediate
for the input Kobe motion, and lowest for the input MZQP motion, as determined by the calculations. The
initial stress state in the slope has a strong influence on the spatial distribution of liquefaction. The stress state at
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the soil element is gradually transformed from a state of triaxial compression to a state of triaxial tension as the
position changes from the slope crest to the slope toe. It is worth carrying out further study on the influence of
initial stress state on the liquefaction behavior within the slope to verify and explain the above variation pattern.
The influence law of the spectrum characteristics of the seismic wave needs to be further investigated. The shield
tunnel crosses the liquefaction zone at 3500-4800m, and the slippage zone at 3500 ~ 3720 m and 4010 ~ 4520 m.
The slip patterns of the wide valley site under different types of ground motions are similar, and the seismic
response of the underground structures is limited by the surrounding soil layers'®. Therefore, the longitudinal
seismic response of the shield tunnels under the action of Kobe seismic waves is only investigated.

Longitudinal seismic response of tunnel

Longitudinal opening width at ring intersegment

The longitudinal flexible connection of the bolts at the ring intersegment is susceptible to large opening width.
To ensure the overall waterproofing of the structure, the maximum opening width should be smaller than the
limit with 15 mm margin'®. Figure 17 (a) plots the curve of the opening width. To comprehensively investigate
the change rule of opening width, the failure value is defined as 1 when the opening width exceeds the 15 mm
limit, otherwise, it is defined as 0. Figure 17 (b) gives the opening failure curve.

Figure 17 shows that the lateral liquefaction slippage of the site will result in a large opening width. The
maximum value in the non-liquefaction area varies less with the increase of PBA, and all of them are less than
15 mm. However, in the liquefaction zone, it is found that the opening width increases sharply with the increase
of PBA. When the PBA is 0.20 g, the maximum value reaches 119 mm. The opening width at ring intersegment
will inevitably lead to the failure of connecting bolts, which will further aggravate the damage degree. Therefore,
the liquefaction slippage of the site has an extremely adverse impact on the seismic safety.

The opening width at the ring intersegment varies extremely drastically in the liquefied slippage zone. The
above phenomenon indicates that the vibration of the shield tunnel in the liquefied slippage zone has a complex
interaction with the surrounding soil, and the maximum value of the opening width is not linearly increasing
with the PBA. The maximum value position under different ground motion intensities is located near 4520 m.
There are three peaks along the longitudinal, which are located at 3500 m, 4200 m, and 4520 m, respectively.
Combined with Fig. 15- Fig. 16, It could be observed that the peak of the opening width are located at the
interface between the slippage zone and the non-slippage zone, and 3500 m is also the transition interface of
the liquefaction layer. In addition, the opening width less than the limit value locate near the valley bottom at
4350 m between B7 and B8. The above phenomenon further verifies that the seismic response of the shield
tunnel is mainly restrained by the liquefied slippage deformation of the surrounding soil.

Inner force seismic response

Several earthquake damage of structure studies have shown that shield tunnels are prone to concrete damage
under earthquake action!?. The efficiency of the transverse equivalent bending stiffness of shield tunnels is several
to tens of times higher than that of longitudinal®**!. The tunnels extend longitudinally over several kilometers
and have to cross different soil layers, and the soft and hard uneven soil layers will further lead to more severe
longitudinal deformation. Therefore, it is important to investigate the internal force distribution rule along the
longitudinal. Figure 18 shows the seismic response of the tunnel inner forces.

Figure 18 (a) shows that the lateral liquefaction slippage under earthquake action will result in large axial
tensile forces in the shield tunnel ring intersegment. The overall variation trend under different ground motion
intensities is similar, and it increases with the increase of PBA. The longitudinal segments are connected by 22
grade 10.9 bolts, and the ultimate tensile force of the ring seams of the segments that can withstand is 27.6MN.
However, the axial tensile force of the tunnel section in the liquefied slippage area exceeds the limit value, and the
maximum tensile force reaches 1160MN when the PBA is 0.20 g. The large tensile force inevitably leads to tensile
damage of the connecting bolts. Overall, the change trend of the tensile force along the longitudinal is consistent
with the opening width, and the tensile force at the slippage interface has a sudden change.
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Fig. 18. Inner force responses of shield tunnel. (a)Tensile force response; (b) Bolt damage distribution; (c)
Compression response; (d) Bending moment response.

To clearly represent the tunnel longitudinal bolt damage distribution, the bolt damage distribution diagram
is drawn in Fig. 18 (b). When the tensile force exceeds 27.6 MN, the bolt damage value is defined as 1 while
the reverse is defined as 0. The bolt damage zone is mainly distributed in the liquefied slippage area. With the
increase of PBA, the bolt damage zone is more continuous and extensive. Furthermore, the bolt damage area is
significantly wider than the opening damage curve. Therefore, the bolt damage should be more concerned for
shield tunnels crossing liquefied slippage areas.

Figure 18 (c) shows that the overall variation pattern of the axial compression curve in the central section
of the shield tunnel ring intersegment has some similarities with the opening width curve. With the increase
of PBA, the amplitude change of axial compression in the non-liquefaction zone is small, but the liquefaction
slippage zone increases sharply. The maximum pressure position under 0.10 g working condition is located at
the valley bottom between B7 and B8, which is different from the maximum position of 0.20 g and 0.30 g. The
reason for the above phenomenon may be that the soil layer on both sides is liquefied and then squeezed towards
the valley bottom, thus causing the ring intersegment to produce greater compression. The peak compression
position of the shield tunnel ring intersegment section is not the same as the tensile peak position, and the peaks’
locations appear alternately.

Figure 18 (d) shows the curve of the bending moment in the central section of the shield tunnel ring
intersegment under different ground motion intensities. The curve patterns of bending moments under different
ground motion intensities are similar. The bending moment has a tendency to increase at the bottom of the
multi-stage slope. When the tunnel crosses the non-liquefied soil layer, the bending moment curve is relatively
smooth. When the tunnel crosses the liquefied soil layer, the bending moment curve shows an oscillation
phenomenon. It illustrates that the lateral slippage of the liquefied soil layer will aggravate the complexity of
the longitudinal deformation. The increase amplitude of the bending moment in the non-liquefaction zone is
approximately proportional to the increase of PBA. The difference of tunnel bending moment under different
PBA in the liquefaction zone is small.

The above research results indicate that the liquefied slippage of the site will aggravate the inner force. The
shield tunnel is subjected to large compression, tensile force and more severe deformation, which causes the
shield tunnel to produce serious local damage. Therefore, when the shield tunnel crosses a site with high soil
liquefaction grade and a certain slope, it is necessary to carry out foundation treatment of the site according to
‘Seismic Design Standard for Underground Structures (GB/T51336-2018).
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Longitudinal peak acceleration of tunnel

It can be seen from Fig. 19 that the variation pattern of the longitudinal ring intersegment acceleration
amplification factors of the tunnel has some similarities with the topography of the site. The AF decreases with
the increase of PBA, but the overall change is small. The above phenomenon indicates that the longitudinal AF
crossing the site is mainly influenced by the topography. Meanwhile, the oscillation of the peak acceleration
amplification factor curve between adjacent ring intersegment of tunnels crossing the liquefied slippage zone is
more obvious. The above conclusions show that the difference of acceleration amplification factors of adjacent
ring intersegments is large, which further indicates that the lateral slippage will aggravate the longitudinal
seismic response of the shield tunnel.

Conclusions

A refined beam-spring model passing through the liquefaction slip zone based on the generalized response
displacement method was established, and the feasibility of the method was analyzed. Based on the actual
project of the shield tunnel across the lower reaches of the Yangtze River entrance to the sea, the effect of the site
liquefaction slippage on the longitudinal seismic response of the shield tunnel was investigated. The following
conclusions were reached:

(1) The generalized response displacement method can simulate the effects of site liquefaction, topographic
effects and slippage on the seismic response of shield tunnels. It is feasible to use the generalized response
displacement method to investigate the longitudinal seismic response of shield tunnels in liquefied slippage
areas.

(2) Liquefied slippage under an earthquake will lead to a larger opening width at the ring intersegment, section
tensile force and compression of the shield tunnel, which will easily cause serious seismic damage such as
bolt failure and water leakage.

(3) Interms of the opening width, the liquefaction of the site will not cause serious damage to the tunnel struc-
ture. Slippage is the main reason to cause structural damage.

(4) The axial compression and tensile force curves of the longitudinal ring intersegment section of the tunnel
are consistent with the opening curve. The bending moment maximum curve and the acceleration amplifi-
cation factor curve have some similarity with the topographic relief of the site, and the curves located in the
liquefied layer all show obvious oscillation phenomena.

The generalized response displacement method has some limitations. The foundation spring stiffness is set to
a constant value, which is inconsistent with the constant change of soil stiffness around the tunnel during an
actual earthquake. In addition, the typical seismic damages (segment concrete damage and circumferential
dislocation), refined modelling of tunnel internal structure and elliptical deformation of structural section
cannot be considered.

Data availability
The datasets used and/or analyzed during the current study are available from the corresponding author on
reasonable request.
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