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Analytical solution for deformation
of an existing tunnel induced by
shield tunnelling overcrossing in
complex strata

Kan Huang?, Zhihao Li%?", Jinwen Zhang’3, Ran Chen'*?, Kaidi Zhou?, Bin Huang* &
Ke Xing*

This study investigates the influence of new tunnel construction which traverses above existing
shield tunnels on the vertical displacement behavior in complex strata. Through the introduction

of state vectors for soil layers, the displacement and stress propagation between different strata

are formulated via integral transforms and matrix derivation. The layered characteristics of natural
soils are effectively captured, and an extended Mindlin solution applicable to layered ground
conditions is established.The existing tunnel is formulated as a Timoshenko beam interacting with a
Pasternak foundation. By introducing a reduction factor for segmental joints and soil-tunnel coupling
parameters, a governing equation for longitudinal displacement incorporating stiffness degradation
is established and numerically solved using the finite difference method.Comparative analyses were
conducted against traditional Euler-Bernoulli-Winkler models, with validation was performed using
field monitoring data and finite element analysis (FEA) results. Conventional soil-tunnel interaction
models based on the Mindlin solution tend to overestimate the vertical displacement of existing
tunnels in layered foundations. In contrast, the proposed approach yields predictions with smaller
errors. Validation against measured data shows that the proposed method reduces the prediction
error for maximum displacement from 0.54 mm (conventional method) to 0.20 mm. Overall, the
Timoshenko-Pasternak model, integrated with the elastic layered theory, provides more accurate
predictions of existing tunnel deformation in layered strata compared to traditional beam—foundation
combination models.

Keywo rds Shield tunnel, Layered foundation, Simulation, Tunnel uplift, Tunnel overcrossing, Numerical,
Underground pipeline

With the increasingly three-dimensional and networked development of urban underground space, the
shield tunneling method has become one of the core construction techniques for underground engineering
projects such as subways and utility tunnels, due to its high efficiency and minimal disturbance to the ground
conditions' 3. However, the disturbance of surrounding soils induced by new shield tunnel excavation alters the
stress state of the ground around existing tunnels, leading to tunnel bending and dislocation. Such deformations
pose potential risks to the long-term safety and serviceability of existing tunnels. Excessive bending or dislocation
can threaten structural integrity and may even result in longitudinal differential settlement*~, water leakage, and
other hazards. Therefore, investigating these engineering problems has substantial practical importance®’.

At present, research methods for studying the influence of shield tunnel construction on existing tunnels
primarily include model tests, numerical simulations, and theoretical analyses. In the area of model testing,
Huang et al.!‘, taking the Shanghai Bund Passage shield tunnel project overcrossing Metro Line 2 as a case study,
conducted centrifuge model tests to simulate the processes of shield excavation, ground loss, and grouting,
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examining the displacement effects of new tunnel construction on existing tunnels and ground surfaces in soft
soil regions. Similarly, Vorster et al.!! investigated the influence of tunnel construction in soft ground on the
bending moments of buried pipelines through centrifuge model experiments.

In the field of numerical simulation, Wei et al.l? used Midas GTS NX to establish a detailed three-ring
segment model of an existing tunnel. By applying circumferential ground pressure calculated using an improved
approach, they simulated a shield tunnel undercrossing. Their study analyzed the effects of ground loss rate and
tunnel spacing on the surrounding pressure and convergence of the existing tunnel and compared the differences
between three-ring and single-ring segment models. Dai et al.'* combined field monitoring and numerical
simulation to investigate the deformation impacts of ultra-close undercrossing on existing tunnel structures,
such as lining, bottom slab, and side wall. Zhang et al.!* developed a finite element model using FLAC?P to
simulate the influence of different grouting pressures on surface displacement. This method effectively represents
soil stratification and accurately simulates tunnel-soil interaction under complex construction conditions.

Regarding theoretical analyses, the two-stage simplified method is most commonlyadopted!>~1”. This approach
first determines the ground response without considering the tunnel structure and then applies this response
to the tunnel. However, in these solutions, the ground response is usually obtained from the Mindlin solution,
which assumes the soil as a homogeneous elastic medium, thereby neglecting its stratified characteristics. In
practical engineering, foundation soils typically exhibit distinct layering, with significant variations in physical
and mechanical properties among layers at different depths. Treating them as a homogeneous medium may lead
to significant errors. Within the framework of the two-stage method, the Euler-Bernoulli beam combined with
a Winkler foundation model (EB-W model) has been widely used to derive analytical solutions for tunnel-soil
interaction problems'®-2!. However, the Winkler foundation model neglects the continuity of the ground. To
overcome this limitation, Huang et al.22 and Ataman?® introduced the Pasternak and Vlasov foundation models,
respectively, to account for soil continuity effects. They derived analytical formulas for the vertical displacement
of existing tunnels due to an overcrossing shield tunnel using differential equations. However, in their solutions,
the shield tunnel was still idealized as an Euler-Bernoulli beam. This beam model only considers longitudinal
bending stiffness, and in practice, segmental tunnel linings exhibit joint flexibility, resulting in an overall
reduction in stiffness. To better capture the actual mechanical behavior of existing tunnels, this study adopts the
tunnel as a Timoshenko?* beam that simultaneously accounts for both bending and shear.

In summary, most existing methods for predicting the longitudinal response of existing tunnels induced by
new overcrossing shield tunnel excavation have inherent limitations, especially in addressing soil stratification,
tunnel joint flexibility, and soil continuity. To mitigate these drawbacks, the main contributions of this study
are threefold: Adopting an extended Mindlin solution derived via the transfer matrix method to accurately
characterize ground disturbance in elastic layered strata; Modeling the existing tunnel as a Timoshenko beam on
a Pasternak foundation (T-P model), which effectively accounts for both shear deformation and soil continuity;
Incorporating a stiffness reduction factor to quantitatively reflect the flexibility of segmental joints. These
improvements are intended to develop a more precise and practical analytical tool for preliminary engineering
assessments. Based on these innovative insights, the proposed analytical method is validated using field
monitoring data and FEA results from an engineering case study. Additionally, a parametric study is conducted
to explore the impacts of key parameters on the longitudinal response of the existing tunnel.

Fundamental solution for shield tunneling in a layered ground

In practical engineering, the ground strata are typically stratified, and significant errors often arise when using
the classical Mindlin solution. Ai et al.?” referred to the elastic mechanics problem of the stress and displacement
fields induced by a concentrated load in layered strata as the ‘extended Mindlin solution’ The extension from the
classical homogeneous Mindlin solution to a layered system is achieved by satisfying stress and displacement
continuity at each layer interface through the transfer matrix method, coupled with integral transforms. This
enables the solution to account for variations in soil mechanical parameters with depth.Based on the elastic
layered theory and the transfer matrix method, they derived a practical form of this extended Mindlin solution.

Based on the fundamental assumptions of the elastic layered half-space theory:

1. The ground is composed of n horizontal layers, each considered a homogeneous and isotropic elastic medi-
um.

2. Stresses and displacements are continuous across the interfaces between adjacent layers.

3. Each layer has its own elastic modulus E, Poisson's ratio u, and thickness Ah,.

4. The external load is applied within the m-th layer (as illustrated in Fig. 1), where the distance from the load-
ing point to the ground surfaceis i, ;.

5. The shield tunneling process is simplified as a concentrated load (Q) acting at a single point.

Aietal.”® derived the fundamental solution functions for a single-layer foundation subjected to non-axisymmetric
loading (Egs. (1) and (2)); they introduced the intermediate parameters v, Un, T vz, and 7 . (detailed in Eq.
(3)) and expressed the displacements and stresses in series form.
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Fig. 1. Layered foundation model.

where Wand T'denote transfer matrices.

we =1 [55 + 5

Un = _% [Bg:;) - ‘;345] (3)
o= 3 [P 4

Thy = _% [3(”':9) Bfn]

By applying the Hankel transform?® to simplify Egs. (4) and (5), the fundamental equations of elasticity yield
the recursive expressions and transfer matrices for the displacement and stress fields in an elastic half-space, as
shown in Egs. (5) and (6).

Hﬁﬂn@}:f@wwzéwrﬂndkﬁﬂm“ @)
(Gu(€. 2)] = [W][Gu(€,0)] %)
(Gu(€, 2)] = [T][Gu(€, 0) ©)

It is assumed that the soil layer is partitioned by » interfaces during calculation, and the contact conditions of
each interface are subjected to Hankel Transform. If a horizontal force Q acts on the m-th interface, the interface
contact conditions can be formulated as shown in Eq. (8):

[C}VV(& Zf)} = [C:;V(gvz;)] [C:Tvv(fa Z;L)] = [C::v(év an)} - [0 00 %&]T : _ [é‘/(f ZI—I)} :_ [é"(&z;—l)} (7)
[Gn(&,20)] = [Gu(&,20)] -+ [Gu(& 2h)] = [Gu(&,2m)] — [0 €] -+ [Gu(&, 510 = [Gn(6,20-1)]

Based on the recursive equations between interfaces, the multi-layer recursive formulas can be deduced, as given
in Egs. (8) and (9):

(G, )] {H (6, AH) }[ {H[\IféAH ]}[0 00 2w

1 m+41
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The results of Egs. (8) and (9) need to undergo the inverse Hankel Transform to yield the final solution, as
expressed in Eq. (10):

H {f(6 ) = /0 T (€ 2 h(er)de = F(r.2) (10)

Calculation of vertical displacement of existing tunnel based on Pasternak-
Timoshenko beam model

Analysis of existing tunnel model

Shield tunnels are constructed from prefabricated segmental rings, and the shear at the joints between adjacent
rings cannot be neglected when analyzing their longitudinal response. The conventional Euler-Bernoulli
beam model assumes zero shear deformation and therefore considers only bending stiffness, which typically
underestimates the resulting deflection. This study adopts the Timoshenko beam theory to more accurately
capture the longitudinal internal forces, displacements, and shear stiffness at the segmental joints of shield
tunnels. According to the Timoshenko beam theory, the cross-section of the beam remains perpendicular to
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Fig. 2. Timoshenko beam model.
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Fig. 3. Pasternak foundation model.

the neutral axis before deformation but becomes inclined after deformation due to shear effects, as illustrated
schematically in Fig. 2.

According to the Timoshenko beam theory, the governing equations for internal forces and deformations
can be expressed as:

dw
F = Geq (E —9) (11)
M= f(EI)Cq% (12)

In this equation, F denotes the shear force, M represents the bending moment,w is the deflection of the beam’s
neutral axis, and 6 is the shear angle. The equivalent shear and bending stiffnesses of the existing tunnel, denoted
by Geqand (EI)_, respectively, are determined following the approach described in?’.

eq
Kl

El)eq = 7~ Ed =(EI
(ED)ea Ki(ls — Nlg) + N ¢ (13)
l¢ ls — ¢ -1
TSt 14
Gea gls(nﬂbiAb * RCGCAC) (14)

In the equation: Ktis the rotational stiffness coefficient of the circumferential joint; E.is the elastic modulus of the
segment;] is the moment of inertia of the tunnel cross-section;\is the joint influence coefficient;lsis the length
of the shield tunnel segment;lsis the bolt length;(is the reduction coefficient of the tunnel’s bending stiffness
(typically ranging from 1/5 to 1/7);€is a correction coefficient introduced to account for the actual contact
conditions between shield segments (taken as 1 in the following analysis);n denotes the number of longitudinal
bolts;xpandkcare the Timoshenko shear coefficients for the bolts and the shield segments, respectively (taken as
0.9 and 0.5);GrandG'care the shear moduli of the bolts and the segments, respectively;

ApandA. represent the cross-sectional areas of the bolts and the segments, respectively.

The relative displacement between segments due to shear, denoted asg, is calculated using Eq. (15).

Q
Geq

6 =lstan (15)

Foundation model analysis
Compared with the Winkler foundation model, the Pasternak foundation model introduces an additional shear
layer with shear modulus G_ in addition to the spring layer represented in the Winkler model. This enhancement
enables consideration of the interaction between adjacent soil springs, thus improving the accuracy of foundation
deformation predictions, as illustrated in Fig. 3.

The governing expression is given as:

Scientific Reports |

(2026) 16:3364 | https://doi.org/10.1038/s41598-025-33329-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

d*w, (z)

e (16)

W.(z) = kw;(z) — Gp

In the equation: W (x) represents the subgrade reaction; k is the coefficient of subgrade reaction; and w,(x)
denotes the vertical displacement of the existing tunnel.
The value of k can be determined according to the method proposed by Liang et a

_ 13B, | BED*
"= D) (ED),, 47

In the equation:E_ is the elastic modulus of the soil at the location of the existing tunnel.
The shear layer stiffness G, can be determined using the method proposed by Tanahashi et al.?:

1.28,

_ E.H,
e (18)

In the equation: H_ is the thickness of the shear layer of the Pasternak foundation, which can be assumed to be
2.5 times the diameter of the existing tunnel.

Analysis of the coupled interaction between soil and existing tunnel
A differential element is taken from the existing tunnel for force analysis Fig.4 . By establishing the equilibrium
differential equations for this element and performing appropriate simplifications, Eq. (19) can be obtained.

{ W.(z)D — o.(z)D — 4€ =0 (19)

P =

By substituting Egs. (11), (12) and (17) into Eq. (19), the equilibrium differential equation governing the existing
tunnel is obtained:

d*w, (z) _ Pw,(x) df
(szm B Gpde) D =0:(@)D = Geq (dx - m)

a.. (dwz(x) _9> (ED o _

dx e qz2

(20)

By solving Eq. (20), the governing equation for the existing tunnel’s vertical displacement w, () is obtained:

diw, GeqdGpD + kD(EI)eq d®w,

(El)eq dzt B dz?
21
KDGu, _ GeaD ) (DD do(a) o
B : B B dz?

In the equation: = Geq + GpD; ando. (x)repregents the additional load induced by the construction of the
d“u (x)
dx?

new tunnel, expressed as:o. (z) = ku.(z) — Gp
Solution of the governing equation for the existing tunnel

Equation (20) can be numerically solved using the finite difference method. The existing tunnel is discretized
into +5 nodal elements, each with a length of , among which four are virtual elements introduced to handle the
boundary conditions, as illustrated in Fig. 5.
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=
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Fig. 4. Force analysis of infinitesimal element in existing tunnel.
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According to the finite difference principle, the differential terms in Eq. (20) can be expressed in their finite
difference forms as follows:

dlw(z) _ 6wi—4(wig1+wi_1)+(wipo+w;_2)
i

dzdaﬁ( ) - ywst
we(z) _ wig1—2witw; 1 22
2dac2 - 12 (22)
do.(z) _ oijr1—20;+0;_1

de2 T 12

where w;denotes the vertical displacement of the tunnel at the -th node, and o;represents the additional stress
at the -th node.

Assuming both ends of the tunnel are free boundaries, the bending moment and shear force at both ends are
taken to be zero:

Fo=F,=0
{MO:Mn:() (23)

By simultaneously combining Egs. (8), (9), (18), and (21), the expressions for the four virtual nodes can be

obtained as follows:
(szz ) DI?
w_q = + 2 wo—w1—700

B
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For ease of expression, Egs. (22) and (24) are substituted into Eq. (21) and rearranged into the following matrix
form::

’w:(K1—K2+K3)71(F1—F2+F3) (25)

Where wis the column vector of the vertical displacements of the existing tunnel; K 1,K2andK3 are the
coeflicient matrices corresponding to the displacement vectorw; and F'1,F'> andF'3 are the column vectors of
additional stresses.

Case study verification and parametric analysis

Case study verification

Case study 1

An analysis was conducted on the “Xin-Ji” interval of Wuhan Metro Line 5, where the new tunnel overcrosses
the existing Line 2 tunnel. The new tunnel is entirely located within a silty clay layer, while the existing tunnel
lies in a silty fine sand layer, with the two tunnels intersecting vertically. The physical and mechanical parameters
of the soil layers in this interval are summarized in Table 1. The axis depth of the new tunnel is 17.5 m, with an
external diameter of the segment of 6.20 m and a segment thickness of 0.35 m. During construction, the thrust
pressure at the excavation face was set to 465 kPa. The existing tunnel has an axis depth of 29.1 m; the segment
lining has an elastic modulus of 3.45 x 10*MPa, a density of 2.5 x 10°kg/m?, and a Poisson’s ratio of 0.2. Each ring
consists of six segments. The connecting bolts have an elastic modulus of 2.06 x 10°MPa, a diameter of 30 mm,
and a shear modulus of 8.24 x 10*MPa.According to the results obtained from Eqs. (13) and (14), the equivalent
flexural stiffness of the existing tunnel is calculated as 1.38 x 108kN-m?, and the equivalent shear stiffness is
3.39x 10°kN/m.

( 0

1 Tunnel discretization

an aaae [l

1 nt2

Fig. 5. Division of tunnel nodes.
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Thickness Cohesion | Elastic modulus | Unit weight
Soil layer type /m Internal friction angle/° | Poisson’s ratio | /kPa /MPa /kN-m~3
Miscellaneous filled soil 2.0 19 0.40 9 2.00 20.0
Plain filled soil 3.0 10 0.30 12 2.44 18.5
Silty clay 6.5 11 0.31 21 6.20 19.2
Silty clay interbedded with silt and silty Sand 2.5 10 0.31 12 4.50 18.4
Silty clay 8.2 12 0.29 23 6.60 18.8
Alternating layers of silty fine sand, silt, and silty clay | 3.5 18 0.27 6 8.70 18.9
Silty fine sand 7.0 30 0.29 0 15.00 18.6
Silty fine sand 12.0 34 0.26 0 21.00 18.7

Table 1. Physical and mechanical parameters of surrounding soils.

(a) (b)

Fig. 6. Finite element model. (a) Overall model, (b) Relative spatial relationship of tunnels.

In this study, the finite element software Midas GTS NX was employed to perform the numerical simulations.
The soil was modeled using the Mohr-Coulomb constitutive model. To minimize boundary effects, the soil
domain was defined with dimensions of 80 mx60 mx50 m. The new tunnel segments, the existing tunnel, and
the grouting layer were modeled as isotropic linear elastic materials. The shield shell was represented using two-
dimensional elastic plate elements. The established three-dimensional finite element model is shown in Fig. 6.

The tunnel displacements obtained from different calculation methods and field measurements are shown in
Fig. 7. All curves are symmetrical about the crossing center and exhibit a bell-shaped distribution, indicating that
under orthogonal crossing conditions, the ground disturbance is most pronounced at the crossing center and
rapidly attenuates with increasing transverse distance. The maximum heave value predicted by the EB-W model
based on the Mindlin solution is 4.17 mm, which is approximately 14.8% higher than the measured value of 3.63
mm, indicating a noticeable overestimation.In contrast, the T-P model, which accounts for shear deformation
between segment rings, reduces the soil displacement field through the coupling between the tunnel and the
shear layer of the Pasternak foundation, while also considering the modification of displacement transmission
in the layered strata. This mechanism effectively suppresses tunnel heave. The maximum heave predicted by
the proposed method is 3.83 mm, with a relative error of 4.7% compared to the measured value, representing a
9.4% improvement in prediction accuracy. Furthermore, the shape of the predicted curve agrees well with the
monitoring data, confirming the effectiveness of the proposed method.

The results of the numerical simulation also show good agreement with the monitoring values in both trend
and spatial distribution of the tunnel heave. However, the maximum simulated heave (3.4 mm) is slightly lower
than the measured value by approximately 7%, primarily due to the idealized representation of soil parameters
and boundary conditions in the finite element model. In contrast, the theoretical solution generally predicts
larger heave values because the equivalent flexural stiffness (EI),, does not fully capture the actual flexural
stiffness. Nevertheless, this conservative estimation can help reduce construction risks.

Overall, the longitudinal displacement curves obtained from both the theoretical analysis and the numerical
simulation exhibit consistent shapes, further confirming the validity of the proposed method and the reliability
of the calculation results.

Case study 2

During the construction of the section between Xujiahui Station and Shanghai Stadium Station on Shanghai
Metro Line 11, the tunnels sequentially underpassed the operational Line 4 beneath Lingling Road. The upbound
tunnel was excavated about 120 rings ahead of the downbound tunnel. This study focuses on the influence of
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Fig. 7. Existing tunnel vertical displacement curve.

Thickness Elastic modulus
Layer No. | Soil layer type | /m Poisson’s ratio | /MPa
@ Fill 2.0 0.33 8.86
©] Silty clay 1.3 0.32 15.68
® Mucky silty clay | 3.3 0.32 8.89
@ Mucky clay 8.4 0.33 7.32
® Clay 1.0 0.26 11.76
® Sandy silt 4.5 0.24 28.74
@ Clay 4.3 0.26 11.76
Silty clay 50.0 0.29 1631

Table 2. Physical and mechanical parameters around the soil.

the Line 11 upbound excavation on the existing Line 4 tunnel. The site consists of eight soil layers, with detailed
parameters listed in Table 2. The Line 4 tunnel has an outer diameter of 6.2 m, an inner diameter of 5.5 m, an
elastic modulus of 3.02x 10* MPa, and a burial depth of 17.12 m. The Line 11 upbound tunnel shares the same
dimensions and mechanical properties, with its axis located at a depth of 21.02 m. To validate the proposed
method, the computed results are compared with field monitoring data. As shown in Fig. 10, the predicted
settlement of the Line 4 downbound tunnel agrees well with the observed values.

As shown in the figure, the distribution of the calculated curves agrees well with that of the field-measurement
results. Among them, in the crossing area of Line 11, most calculated values are larger than the measured results.
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The reason is that the algorithm in this paper does not consider the influence of shield grouting, Fig.8 which will
be further taken into consideration in subsequent research.

Analysis of different parameter influences

To further investigate the influence of various factors on the response of adjacent shield tunnels using the
proposed method, this study analyzes the effects of different parameters. These parameters include the clear
distance between the new and existing tunnels, the horizontal projection angle, and the stratification of the
ground on the existing tunnel.

Analysis of the influence of horizontal projection angle

The horizontal projection angles (a) between the new and existing tunnels are set to 30°, 45°, 60°, and 75° for
comparison with the orthogonal case (a=90°). The longitudinal uplift curves of the existing tunnel during the
excavation of the new tunnel, corresponding to different a values, are shown in Fig. 9a. The results indicate that
as a decreases, the minimum distance between the axes of the two tunnels becomes shorter, thereby enhancing
the soil-tunnel interaction. This leads to an increase in uplift magnitude and a broader influence zone.

Figure 9b shows the variation of the maximum uplift with respect to a. Overall, as a increases from a parallel
to an orthogonal orientation, the maximum uplift exhibits a decreasing trend, with a cumulative reduction of
approximately 1.18 mm (24%). This trend can be divided into three stages: (1) a slow decrease in uplift when
a increases from 0° to 15°, (2) a rapid decrease between 15° and 60°, and (3) a gradual slowdown in the rate of
decrease from 60° to 90°. A similar trend was also reported by Lin et al.** based on numerical simulations.

The aforementioned results indicate that when the horizontal projection angle between the new and existing
tunnels is less than 60°, the heave deformation of the existing tunnel increases significantly and its influence zone
expands. This is primarily because a smaller angle leads to an increased interaction length between the tunnels,
resulting in a longer load transfer path and enhanced soil-tunnel interaction.Therefore, when site conditions
allow, an orthogonal overcrossing is recommended to enhance the stability of the existing tunnel. In cases where

—#— The proposed method
® Monitored value

—40 -20 0 20 40 60
Distance from the crossing center/m

Fig. 8. Existing tunnel vertical displacement curve.
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Fig. 9. Influence of the horizontal projection angle a on longitudinal displacement of existing tunnel. (a)
Longitudinal displacement of tunnels, (b) Maximum tunnel displacement.

Depth interval/m | Homogeneous stratum/MPa | Soft-over-hard/MPa | Hard-over-soft/MPa
14~222m 15 15 30
22.2~257m 15 15 30
25.7~35m 15 30 15

Table 3. Elastic modulus of different soil layers.

oblique crossing is unavoidable due to practical constraints, maintaining a crossing angle greater than 60° is
advisable to mitigate adverse effects on the existing structure.

Analysis of the influence of soil stratification

To investigate the influence of different soil layer configurations on the longitudinal displacement of the tunnel,
this section extends the previous engineering case study. By varying the elastic moduli of the soil layers containing
the new and existing tunnels, as well as that of the interlayer soil between them, three ground conditions are
simulated: a homogeneous layer, and layered strata characterized as “soft-over-hard” and “hard-over-soft” The
elastic moduli of the different strata are listed in Table 3. Figure 10 presents a comparison of the calculated
vertical displacements of the existing tunnel under different ground conditions.

Figure 10 compares the longitudinal displacement profiles of the existing tunnel under different stratum
configurations. The analysis indicates that the maximum vertical displacement of the tunnel varies significantly
with the stratum type: the maximum heave reaches 3.57 mm in the homogeneous ground, 3.25 mm in the upper-
soft-lower-hard ground, and 3.01 mm in the hard-over-soft stratum. This difference is primarily attributed to the
distribution of ground stiffness. The homogeneous ground exhibits the most pronounced deformation response
due to its relatively low overall stiffness. In the hard-over-soft stratum, the tunnel heave is approximately 7.4%
smaller than in the soft-over-hard condition, highlighting the significant influence of soil stiffness variation on
tunnel deformation and stress response.

In addition, the spatial extent of the displacement also varies among different ground types. The soft-over-
hard ground exhibits the smallest deformation influence zone, whereas the hard-over-soft ground shows the
widest. This phenomenon arises from differences in stress transfer mechanisms within the ground. In the soft-
over-hard stratum, stress is transferred directly through the soft soil to the underlying hard layer, causing stress
concentration at the interface due to the abrupt stiffness contrast. Conversely, in the hard-over-soft stratum, the
stiff upper layer redistributes the load to the surrounding soil through a “soil arching effect,” thereby reducing
the peak stress at the base.

In engineering design, priority should be given to investigating stratum stiffness distribution, and simplifying
inhomogeneous foundations as homogeneous models should be avoided. Otherwise, the actual deformation of
the tunnel may be underestimated or overestimated, compromising construction design.

Influence of the clear distance between the new and existing tunnels

The minimum vertical clear distance between the new and existing tunnels is a key design parameter for
controlling construction risk in overcrossing projects. In this section, only the clear distance is varied, with
values set to 0.5D, D, 1.5D, 2D, and 2.5D (where D denotes the tunnel diameter), to investigate the longitudinal
displacement profiles, maximum displacements, and bending moment distributions of the existing tunnel under
different clear distance conditions.
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As shown in Fig. 11(a), the vertical displacement of the existing tunnel near the centerline of the new tunnel
increases markedly as the clear distance decreases, whereas the displacements farther from the crossing center
gradually diminish. Beyond approximately 17.5 m from the intersection point of the new and existing tunnels,
the deformations under different clear distance conditions tend to stabilize and remain small in magnitude. This
indicates that the influence of clear distance variation on the existing tunnel is primarily confined to a limited
zone around the crossing point.As illustrated in Fig. 11(b), when the clear distance decreases from 2.5D to 0.5D,
the maximum heave of the existing tunnel increases by 42%, and the rate of displacement change accelerates
with decreasing clear distance. Regarding the bending moment response, as the clear distance increases from
0.5D to 2.5D, the peak bending moment of the existing tunnel decreases by 66%, and the rate of reduction
gradually diminishes at larger clear distances.

The results demonstrate that increasing the vertical clear distance can effectively mitigate the deformation and
internal force responses of the existing tunnel induced by shield excavation. In engineering practice, appropriately
increasing the design clear distance can significantly reduce ground disturbance, thereby mitigating the risk of
structural deformation in the existing tunnel and enhancing operational safety.

Conclusion
Based on the extended Mindlin solution and the two-stage method combined with the T-P model, this paper
presents a continuous elastic analysis method for evaluating the longitudinal displacement of existing tunnels
caused by shield-tunnel overcrossing in inhomogeneous strata. The main conclusions are as follows:

(1) A comparison of numerical results from Midas GTS NX with field monitoring data shows that the
proposed method captures the displacement response of the existing tunnel during overcrossing more accurately
than the conventional EB-W theoretical model based on the Mindlin solution. This indicates that the proposed
approach can be effectively used for rapid preliminary assessment of shield-construction impacts in early design
stages, thus providing a theoretical basis for optimizing construction schemes.
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Fig. 11. Influence of clear distance on the displacement and bending moment of existing shield tunnels. (a)
Longitudinal displacement of tunnels, (b) Maximum tunnel displacement and bending moment.

(2) The elastic layered half-space model used in this study shows better applicability under complex geological
conditions. It overcomes the limitation of traditional homogeneous models, which tend to overestimate stress
diffusion because they ignore the stratification of soil stiffness, thereby improving the rationality and accuracy
of the results.

(3) Parametric analysis reveals that the horizontal projection angle between the new and existing tunnels
has a nonlinear influence on the deformation response of the existing tunnel. A smaller crossing angle increases
both the magnitude and the extent of heave deformation. Comparisons under different stratigraphic conditions
show that a soft-over-stiff stratum tends to cause stress concentration, whereas a stiff-over-soft stratum promotes
stress diffusion. Furthermore, as the clear distance between the tunnels decreases, the vertical displacement of
the existing tunnel induced by overcrossing excavation increases significantly, while this effect weakens with
increasing spacing.
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