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Abstract: A decomposition method is proposed to divide the field monitoring displacement of tunnel linings into different
components induced by dislocation, rotation, and elliptical deformation of the lining rings. Based on this method, a corresponding
tunnel lining monitoring plan is also suggested. The key principles of the decomposition are the continuity of longitudinal
deformation, the sinusoidal functional relationship between the rotation angle and the longitudinal distance to the cross point,
and neglecting the longitudinal joint deformation. The proposed decomposition method was successfully applied to a metro
project in China, and the decomposed pattern laws were discussed. The decomposed data indicate that the displacement of the
lining ring is primarily influenced by elliptical deformation and dislocation, with elliptical deformation having the strongest
impact. Moreover, the z-direction displacement of the existing tunnels linearly increases with the crossing angle, whereas the
affected zone decreases nonlinearly. As for the lining ring rotation angle, its maximum value occurs during a 90° undercrossing
scenario, and the rotation angles decrease nonlinearly as the crossing angle diminishes. Furthermore, the rotation angle first
increases and then decreases as the distance from the crossing center increases. Temporally, the rotation angles follow a pattern
of initial increase followed by gradual reduction. Regarding the ellipticity, the ellipticity increases with the crossing angle but
decreases with distance from the crossing center. The findings of this study contribute to improved knowledge of tunnel lining
displacement composition and monitoring. Future integration of our computational approach with total station monitoring
systems could enable real-time monitoring, calculation, and analysis in tunnel engineering applications.
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1 Introduction

Newly constructed tunnels are increasingly cross-
ing under existing metro lines in the development of
urban metro systems. An improved understanding of
tunneling-induced displacement of existing tunnels
plays a crucial role in construction control, lining design,
and reinforcement measures. Therefore, there has been
significant research into the patterns of displacement
induced by tunneling, which can be categorized into
three groups according to their methodology: analyti-
cal solutions, numerical solutions, and field monitoring.

To understand tunneling-induced disturbances, nu-
merous scholars have proposed theories of displacement
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for existing tunnels (Wanchai and Cho, 2005; Shen
et al., 2014; Kumar et al., 2024; Yan et al., 2024).
Some of these displacement theories described the
relationship between settlement, rigid body displace-
ment, and overall deformation (Zhang et al., 2016;
Soomro et al., 2022). They explored the correlation
between the settlement time-history development and
construction activities, revealing the mechanisms of
stress redistribution by quantifying deformation pat-
terns and surface subsidence (Fang et al., 2015; Wei
et al., 2018; Liu et al., 2021; Li et al., 2025). However,
existing tunnel displacement theories have thus far
only analyzed the developmental trends of displace-
ment in existing tunnels. And these theories also have
certain accuracy limitations, as some necessary and
unavoidable assumptions.

To better replicate tunnel construction distur-
bances, refined finite element simulations have been
conducted. These studies analyzed tunnel deformation
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characteristics, surrounding soil pressure variations,
and surface settlement behavior (Li et al., 2012; Dias
and Kastner, 2013; Chen et al., 2018; Yin et al., 2018;
Gao et al., 2024). Others investigated various influenc-
ing factors, such as the effects of crossing angles and
vertical distances (z-distance) on the lining stress dis-
tribution, vault displacement patterns, surface settle-
ment, and lining ring rotation (Galli et al., 2004; Li
et al., 2016; Lai et al., 2020; Fang et al., 2024; Liu et al.,
2024; Baishya and Choudhury, 2025). Finite element
simulation results can be correlated with analytical
solutions to enable more thorough analysis of the
influence of earth pressure on segment deformation,
thereby enhancing understanding of the composition
of monitored displacements. However, precise finite
element simulations require extensive foundational
data analysis and prolonged model refinement to
achieve accurate results. Moreover, finite element sim-
ulations cannot clearly describe issues such as the ran-
domness of strata.

Therefore, analyzing monitoring data stands out
as an intuitive method for judgment, providing foun-
dational support for theoretical analysis and finite ele-
ment simulations (Zhang et al., 2023; Cai et al., 2025).
Deformation monitoring has been utilized to investi-
gate construction methods, lining ring damage, defor-
mation behaviors, and surface settlement, among other
properties (Lee and Nam, 2001; Sharifzadeh et al.,
2013; Fang et al., 2016; Huang et al., 2020). Compared
to theoretical and numerical analyses, conclusions
derived from deformation monitoring are more accu-
rate and realistic, and thus offer reliable guidance for
practical engineering applications (Lo and Ramsay,
1991; Li and Chen, 2012; Lin et al., 2013; Cao et al.,
2018; Zhang et al., 2019; Zhang et al., 2020). How-
ever, deformation monitoring also exhibits a certain
degree of dispersion, which complicates data analysis.

Under the disturbances from tunneling, an exist-
ing tunnel lining may settle, rotate, or deform, result-
ing in a complex displacement pattern. Although field
monitoring data can provide more accurate values of
displacement, methods to separate the displacement
into different underlying patterns are still in develop-
ment. Therefore, it is important to be able to effectively
distinguish and quantify these components to accu-
rately analyze the settlement of the lining ring and the
opening of the segmental joint. Extensive research has
investigated the displacement decomposition of lining
rings. These include theoretical formulas incorporating
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rotation and dislocation mechanisms, and theoretical
formulas prioritizing shear dislocation with secondary
rigid rotation effects. Other studies introduced formu-
lations that simultaneously consider segment rotation
and oval deformation, complemented by stress evalua-
tion methods unifying the influences of rotation and
strain. For asymmetric loading scenarios, theoretical
formulas have also been proposed to characterize the
longitudinal bending-shear deformation of shield tunnel
segments, improving the precision of displacement pre-
diction in tunnel engineering (Wu et al., 2015; Wham
etal., 2016; Wei et al., 2018; Liu et al., 2019; Wei et al.,
2020; Huang and Zhou, 2023; Ding et al., 2024; Li
et al., 2024; Zhang et al., 2024). Although some of the
aforementioned studies investigated displacement
decomposition, they did not fully consider displace-
ment components. Displacement decomposition should
integrate the three key factors of rotation, dislocation,
and elliptical deformation. Not doing so hinders effec-
tive performance evaluation and maintenance strategy
development for operational tunnels.

Therefore, in this study, we propose a displace-
ment decomposition method for tunnel lining rings that
incorporates dislocation, rotation, and elliptical defor-
mation. This method is based on feedback analysis of
monitoring data rather than forward theoretical deriva-
tions. Methods based on monitoring feedback analysis
are more closely aligned with actual engineering con-
ditions and better elucidate the components of lining
ring displacement.

Using the proposed decomposition model, a com-
prehensive analysis is conducted on the ring displace-
ments of the Shenzhen Metro Line 11 Phase II pro-
ject, Shenzhen, China. Furthermore, the decomposed
displacement data were examined to investigate the
influence of the crossing angle and vertical clearance
(z-distance) on the existing tunnel settlement, lining
ring rotation, and elliptical deformation. This study
enhances the understanding of lining ring displace-
ment components, thereby aiding real-time monitoring
and early warning systems and laying a theoretical foun-
dation for the advancement of digital twin technology
in tunnel engineering.

2 Displacement decomposition method

The monitored displacement of a tunnel lining is
the combined result of the dislocation and rotation of
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lining rings in the longitudinal direction and the ellip-
tical deformation of lining rings in the cross-section.
Determining the contribution of each factor to the
measured displacement helps us understand the real
deformation state of tunnels. Therefore, a new dis-
placement decomposition method is proposed to back-
analyze the dislocation, rotation, and elliptical defor-
mation of lining rings.

2.1 Monitoring

Fig. 1 illustrates a suggested location for moni-
toring points on a tunnel lining. To accurately describe
the elliptical deformation of lining rings, five coordi-
nate points are a necessary minimum, which is what
is used in this work. The coordinate system is defined
as follows: the x-axis is oriented perpendicular to the
lining ring plane and positive along the subway’s oper-
ational direction; the y-axis represents the horizontal
direction within the ring plane, and the positive direc-
tion is to the right; the z-axis corresponds to the verti-
cal direction within the ring plane, and the upward di-
rection is the positive direction. Monitoring point 1 (P1)
and point 4 (P4) are positioned at the horizontal dia-
meter extremities, point 5 (P5) is located at the crown
position, and point 2 (P2) and point 3 (P3) are posi-
tioned at the railroad track alignment. Since tunnel
operations and maintenance also require surveillance
of rail displacement, using P2 and P3 can effectively
reduce the workload associated with data monitoring.
The intersection points between the concrete bed and
the inner surface of the lining ring are defined as
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Fig. 1 Schematic of the locations of the monitoring points
on the y—z section

calculation point 6 (P6) and point 7 (P7). To minimize
the impact of joints within the same lining ring on the
displacement analysis, it is important to position at
least two monitoring points on a single segment, such
as P4 and P5.

The total station is usually set up in the tunnel, and
the lining ring measurement point is approximately in
the same straight-line direction. The angle between
the line of sight and the tunnel axis is very small, caus-
ing the x-axis displacement in the measurement data
to manifest as a small diagonal distance change, and
making it difficult to distinguish from the ranging
error. Thus, it is difficult for the total station to obtain
reliable x-axis displacement measurements; the total
station can only capture y- and z-axis displacements at
each monitoring point. The symbols and coordinates
of the five monitoring points are defined as Pn (3%,
z"), and the displacements of the monitoring points
are Ay* and Az%. In this notation, n denotes the identifi-
cation number of the monitoring point, while £ repre-
sents the monitoring number. The formulas for the
aforementioned symbols are given in Egs. (1) and (2).

n=1,2,3,413:, (1)
n=1,2 3,415, 2)

Ay, =y, =V
Az,=z,-z,,
where (3¢, z°) represent the initial coordinates of the
monitoring point n. Based on the symmetric configura-
tion of the monitoring system, the distance between P6
and P2 is maintained as equal to the distance between
P7 and P3. Due to the high stiffness of the concrete
foundation bed, it can be considered a rigid structure.
Therefore, the displacements at P6 and P7 can be deter-
mined by applying Egs. (3)—(6).

_(i-A)u,

Ayt= + AL, 3)
U,
AZk_AZk
Az§=—( 3 D, +AZ, )
U,
Ayt — AYE
Ayt= (AV; =Ny u, + A, (5)
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AzF— AzE
T it VLT g LI (6)
2

where u, represents the linear distance between P6
and P2 and u, denotes the distance between P2 and P3

(Fig. 1).



2.2 Displacement decomposition mode

Fig. 2 presents a schematic representation of the
displacement decomposition methodology. The dis-
placement characteristics of existing tunnel lining sys-
tems can be decomposed into three primary compo-
nents: dislocation, rotation, and elliptical deformation.
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Fig. 2 Displacement decomposition

Regarding dislocation, all five monitoring points
on the lining ring have identical horizontal (Ay*) and
vertical (Az¥) displacement components, maintaining
their relative positions throughout the movement. Con-
sidering rotational displacement, each monitoring point
has a vertical displacement component (AzY) that is
directly proportional to its position relative to the cen-
ter of rotation. The magnitude of this vertical displace-
ment can be determined by Eq. (7).

Az¥=1] —1 cos0, (7

where 6 represents the rotation angle and /, repre-
sents the z-directional distance between the monitor-
ing point n and the center of the lining ring before
deformation.

Structural deformation of the lining ring mani-
fests as position-dependent displacement variations,
characterized by distinct horizontal (Ay*") and vertical
(Az}") components at each monitoring point. There-
fore, the horizontal and vertical displacements of the
five monitoring points can be decomposed into the
following components:

Ayn +Ayn 2 (8)
Az" Az" + Az + AZ 9)
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2.3 Rotation of the lining ring

The difference in the z-directional distance be-
tween P4 and P5 is primarily influenced by the rotation
of the lining ring and the elliptical deformation. The
rotation of the lining ring can be determined by decom-
posing the change in the z-directional distance between
P4 and P5 (Az};), which is calculated by Eq. (10).

Azli=NAzE— Az}, (10)

Considering the rotation and deformation of three
consecutive lining rings as illustrated in Fig. 3—where
the three lining rings are labeled a, b, and c—the rota-
tion angle of the lining ring is denoted as 6,. Eq. (11)
yields the z-directional distance between P4 and P5
before deformation (/,;):

lis=1—1,. (11)

Consequently, the difference in the z-directional

distance between P4 and P5 can be expressed as follows:

Azfs (Z4S+l45n d)COS 9/1_1457 (12)
where I, , represents the increment in /,; resulting
from the elliptical deformation of the lining ring.
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Fig. 3 Combined displacement due to the rotation and
deformation

When an existing tunnel is subjected to a distur-
bance, the rotation angle at the center of the disturbance
is 0°, and the rotation curve of the existing tunnel is
continuous. The rotation angle of the lining rings as a
function of the distance between the disturbance center
and the far endpoint (where the rotation angle returns to
0°) can be approximated as a sinusoidal curve (Zhang,
2020; Zhang et al., 2022). Therefore, to facilitate the
decomposition of the rotation and oval deformation of
the lining rings, the following assumptions are made:
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(1) The rotation angle of the lining ring at the
crossing center of the existing tunnel is 0°, as seen for
lining ring a in Fig. 3.

(2) The rotation angle of the lining ring is a sinu-
soidal function of the distance to the crossing center,
and its derivative is a cosine function. As illustrated in
Fig. 3, the rotation angles of lining rings a, b, and ¢
follow sinusoidal functions for their distances to the
crossing centers.

Considering the constraining effect between ad-
jacent lining rings, the /j, , of lining rings a, b, and ¢
is a continuous function:

k k
dl l45b-c + dZ Z45b-a

d, +d, ’ (13)

k —
) 45b-d =

where d, is the distance between the centers of lining
rings a and b, and d, is the distance between the centers
of lining rings b and c.

Eq. (14) is used to calculate the distance between
the disturbance center and the far endpoint, where the
rotation angle returns to 0° (Zhang et al., 2022):

S:O.9htan(45°+ %) (14)

where S represents the distance from the disturbance
center to the far endpoint where the rotation angle re-
turns to 0°, 4 is the difference in burial depth between
the existing tunnel and the new tunnel, and ¢ represents
the internal friction angle of the soil layer. The secant
slope between two points on the curve is approximately
equal to the tangent slope at the midpoint of the two
points, as expressed by the following:

00

od Oy cos(dln)
) 25
= = (15)
0 920, Loy
od a=% 4 d, cos| 2 ] L
2 S

By substituting the rotation angles and deforma-
tions of lining rings b and c into Eq. (15), Egs. (16)
and (17) can be derived:

Az, = (Lig,+ 1i5,4) cOS 60, — L,
Azfsc = (Z4sc + l4k5c-d) cos 0, —1,;.

(16)
)

By solving the system of equations (Eqs. (13)-
(17)) using MATLAB, the rotation angle of lining ring
b can be determined. Subsequently, through applica-
tion of the same computational method to solve the
systems of equations for the following two rings, the
rotation angle of lining ring ¢ can be obtained. By re-
peating this calculation process along the tunnel, the
rotation angles of all the lining rings can be determined
sequentially. Once the rotation angles of the lining rings
are determined, Az can be derived using Eq. (7).

2.4 Dislocation of the lining ring

The track is supported by a concrete bed beneath
the rails. Under the condition that no cracks develop
between the concrete bed and the lining ring, the con-
crete bed can be considered as a rigid body structure;
consequently, the concrete bed is resistant to deforma-
tion. The monitoring data at P2 and P3 are similar, and
thus, one can assume that the two monitoring points
on the concrete bed only undergo dislocation and rota-
tion of the lining ring. The rotation of the lining ring
does not affect the y-direction dislocation, instead only
influencing the z-direction dislocation. Therefore, the
dislocation magnitude of the lining ring can be ob-
tained by eliminating the rotational effects from the
average displacement changes at P2 and P3. The values
calculated from Egs. (18) and (19) represent the inter-
nal structural dislocation of the lining ring.

A+ AYS

ayt= 0 (18)
k k k
M;’:%—lz sin(ﬁ,’,‘)tan(ez"), (19)

where 0 represents the rotation angle generated by
lining ring » at time £.

2.5 Elliptical deformation of the lining ring

Using Egs. (8) and (9), Az¥" and Ay*" can be com-
puted accordingly. Based on this result, the post-
deformation elliptical configuration of the lining ring
(including the geometric parameters of its major and
minor axes) can be precisely determined through fitting
analysis. This analysis, performed in MATLAB, utilizes
the spatial coordinates of P1, P4, P5, P6, and P7, where
the coordinates of P6 and P7 are derived from the coor-
dinates of P2 and P3 using Egs. (20)—(23). The degree
of elliptical deformation of the lining ring is then cal-
culated using Eq. (24).
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where e is the ellipticity, 7, is the length of the long
axis, 7, is the length of the short axis, and R is the radius
of the lining ring.

2.6 Summary and discussion

The proposed calculation method holds true under
the following assumptions:

(1) The rotation angle of the lining ring at the
crossing center of the existing tunnel is 0°.

(2) The rotation angle of the lining ring is a sinu-
soidal function of the distance to the crossing center,
and its derivative is a cosine function.

(3) The deformation caused by longitudinal joints
in the lining rings can be neglected.

(4) Considering the constraining effect between
adjacent lining rings, the IJ;, , of adjacent lining rings
is a continuous function.

Fig. 4 presents a calculation flowchart of the
above displacement decomposition method. The steps
of the method are as follows: First, from the displace-
ment monitoring data at P4 and P5, the rotation angle of
the lining ring is calculated based on the deformation-
rotation compatibility equations, z-direction displace-
ment difference decomposition equations, and the men-
tioned assumptions. However, it should be noted that
engineering uncertainties and stochastic factors can
lead to errors in calculating the rotation angles. Then,
after calculating the average value of the displacement
monitoring data at P2 and P3, the dislocation of adja-
cent lining rings is determined by removing the in-
fluence of the lining ring rotation. Finally, the rotation
angles and dislocation of the lining ring are substituted
into Eqgs. (8) and (9) to calculate the deformation com-
ponents of the displacements of the five nodes on the
lining ring. Then, the ellipticity of the lining ring is
obtained through curve fitting in MATLAB.

J Zhejiang Univ-Sci A 2026 27(4):400-416 | 405

(Monitoring displacement of tunnel IiningD

l

Monitoring dlsplacements of Monitoring dlsplacements of
P4 and P5 P2 and P3

Five assumptlons

v
C Rotation Egs. (10)—(17) Fg_.

A 4
(Dislocation Egs. (18) and (19))

Ayi=Ay;+Ay,,
Az}=Az[+NzK+Az}"

Displacements of P6 and P7 and the monitoring displacements
of P1, P4, and P5

'

(Elliptical deformation Eqs. (20)—(24))

Fig. 4 Flowchart describing the displacement decomposition
method

3 Project overview
3.1 Route of the tunnel

The Shenzhen Metro Line 11 Phase II Project,
which lies between the Eighth Affiliated Hospital of
Sun Yat-sen University Station (project name) and
Gangxia North Station, Shenzhen, China, comprises a
left tunnel with a total length of about 1054 m and a
right tunnel extending about 1105 m. Fig. 5 illustrates
the route of the project and the monitoring areas for
the existing tunnels. The right tunnel of Line 11 first
perpendicularly crosses the left and right tunnels of
Line 1, which is followed by a crossing at an angle of

4° with the exit tunnel of Line 14, and finally, a par-
allel crossing with the Line 14 exit tunnel. For the left
tunnel of Line 11, the sequence begins with a crossing
of the Line 14 exit tunnel at an angle of 59°, followed
by a crossing of the Line 14 admission tunnel at 24°,
and finally with a perpendicular crossing of the left and
right tunnels of Line 1. Since there are many tunnels in
this section, diverse crossing angles, complex geologi-
cal conditions, and Line 1 has been in operation for a
long time, the application, in the Shenzhen Metro Line
11 Phase II Project, of the proposed displacement de-
composition model holds significant research value.

Shenzhen Metro Line 1 was constructed in 2004
using the cut-and-cover method, while Shenzhen Metro
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of Sun Yat-sen University
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Fig. 5 Locations and monitoring zones of existing and new tunnels

Line 14 was constructed in 2022 using the shield tun-
neling method. These lines differ in two key aspects:
(1) Construction method. The cut-and-cover method
used for Line 1 typically results in a structure with lower
overall stiffness and integrity compared to the modern
shield-tunneled segments of Line 14. This makes
Line 1 more sensitive structurally to disturbances from
below. (2) Ground conditions and burial depth. Line 1
has a shallower burial depth than Line 14. The influ-
ence of the new tunnel (Line 11) on the deeper Line 14
is relatively larger than that in Line 1. In terms of the
impact on shallower Line 1, the presence of the deeper
Line 14 itself acts as a mitigating factor, effectively
reducing the disturbance transferred from the new con-
struction to Line 1 above.

3.2 Construction program

The Line 11 tunnel employs an earth pressure
balance (EPB) shield machine, characterized by an ex-
cavation diameter of 6.48 m. The tunnel is situated at
varying overburden depths ranging from 10.8 to 13.5 m.
The shield tunnel lining segment has an inner diame-
ter of 5.5 m, an outer diameter of 6.2 m, and a width
of 1.5 m, and the tunnel lining ring is composed of six
segments. The segments are installed using a staggered
joint configuration to enhance the structural integrity.
The EPB shield machine operates under controlled
parameters: the soil chamber pressure is maintained at
approximately 290 kPa to ensure stability of the face,
while the grouting pressure is regulated at around
320 kPa to optimize ground consolidation and minimize
disturbance. The cutter head torque is controlled at

approximately 2000 kPa to maintain efficient excava-
tion performance while preventing excessive ground
disturbance. The chamber pressure, grouting pressure,
and cutterhead torque are dynamically adjusted in re-
sponse to changes in the shield machine’s tunneling
depth.

3.3 Geological conditions

Fig. 6 presents a stratigraphic cross-section illus-
trating the geological structure and geotechnical param-
eters along vertical profiles; more details on the geo-
technical parameters are listed in Table 1. The geolog-
ical profile above the shield tunnel—in descending
stratigraphic order—is comprised of the following dis-
tinct layers: stockpile soil, silty sand, grit, gravelly
clayey soil, fully weathered granite, strongly weathered
granite, moderately weathered granite, and weakly
weathered granite. Line 14 primarily traverses through
silty sand and grit, and Line 1 is mainly situated in
fully weathered granite. Line 11 predominantly passes
through weakly weathered granite, intermittently en-
countering less competent strata such as gravelly clay,
coarse sand, and medium sand layers.

3.4 Monitoring program

To better apply the proposed displacement de-
composition method, the following monitoring point
arrangement was implemented on Line 1 and Line 14
of the Shenzhen Metro. The monitoring points of
Line 1 and Line 14 are illustrated in Fig. 7 (f is the
crossing angle). The spacing between monitoring sec-
tions ranges from 4.5 to 10.0 m, with an appropriate
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Fig. 6 Soil profile and geotechnical parameters along the depth direction

Table 1 Geotechnical parameters

Soil layer name Thickness (m) M(?d}llus of Poiss9n’s Cohesive force  Friction Weighf

elasticity (MPa) ratio (kPa) angle (°) (KN/m”)
Stockpile soil 2.0 20 0.30 12 8 17.1
Silty sand 5.5 15 0.31 20 13 18.3
Grit 4.0 244 0.26 4 38 21.0
Gravelly clayey soil 1.5 20 0.29 27 22 18.9
Fully weathered granite 2.0 312 0.27 26 24 19.1
Strongly weathered granite 6.5 611 0.26 18 27 19.5
Moderately weathered granite 2.0 1118 0.16 300 45 26.0
Weakly weathered granite - 1384 0.15 800 65 27.0

densification of monitoring points established in the
crossing area. There are 18 total monitoring sections
distributed along both the left and right tunnels of
Line 1, complemented by 20 monitoring sections on
Line 14’s entrance tunnel and 37 monitoring sections
on its exit tunnel. Using the displacement decomposi-
tion method proposed in this study, each monitoring
section was instrumented with five monitoring points,
as illustrated in Fig. 7a.

The designated monitoring area was located at
the intersection zone where Metro Line 11 crosses both
Lines 1 and 14. Table 2 summarizes the key parameters
of the five monitoring areas within the crossing zone,
including the crossing angle, vertical (z-direction)
tunnel separation distance, monitoring duration, cross-
section number at the crossing center, and crossing
time. The monitoring areas include:

(1) Monitoring area 1: the area where the right
tunnel of Line 11 runs the exit tunnel of Line 14 in
parallel, as illustrated in Fig. 7c.

(2) Monitoring area 2: the area where the right
tunnel of Line 11 crosses the exit tunnel of Line 14 at
an angle of 14°, and S23 is the crossing section, as
illustrated in Fig. 7d.

(3) Monitoring area 3: the area where the left
tunnel of Line 11 crosses the admission tunnel of Line

14 at an angle of 24°, and S6,, is the crossing section,
as illustrated in Fig. 7e.

(4) Monitoring area 4: the area where the left
tunnel of Line 11 crosses the exit tunnel of Line 14 at
an angle of 59°, and S6,, is the crossing section, as
illustrated in Fig. 7f.

(5) Monitoring area 5: the area where the right
tunnel of Line 11 perpendicularly crosses the left tunnel
of Line 1, and S14 is the crossing section, as illustrated
in Fig. 7g.

4 Monitoring data and displacement
decomposition results

To prevent the main body of the results section
from becoming excessively lengthy, the detailed cal-
culation procedures for the monitoring data are shown
in Tables S1-S4 of the electronic supplementary mate-
rials (ESM).

4.1 Settlement of the lining ring

The settlements of the existing tunnel at the five
monitoring sections are presented in Fig. 8. It is im-
portant to note that the settlement herein does not
mean the dislocation between individual lining rings,
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Table 2 Key parameters of the five monitoring areas

Monitoring duration

(year: 2023)

Cross-section number at
the crossing center

The moment of passing

through the center

Monitoring arca Crossing z.-direction
angle, f(°) distance (m)
1 0 25.0
2 14 25.0
3 24 25.0
4 59 25.0
5 90 17.2

June 7 to June 16
May 20 to May 30
April 19 to May 1
April 12 to April 25

May 20 to June 2

S23
S6
S6

ex

S14

ad

May 26
April 27
April 22
May 26

as in Section 2.4. The settlement of the lining ring
concrete bed is affected by both the rotation angle of

the lining ring and the dislocation of the lining ring. As

the monitoring sections are not uniformly distributed
across every lining ring, only the settlement of the

ASk

Az + Az}

lining ring can be analyzed. Therefore, for the present
problem, the settlement (As*) calculations follow:

(25)
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In this section, downward displacement (toward
the new tunnel) is defined as positive. The influence
range of the new tunnel was determined to be the dis-
tance between the point where the settlement becomes
zero and the front and the back of the crossing center.
When the shield machine is located more than 50 m
away from the crossing center, its influence on the cen-
tral section becomes negligible. With the shield advanc-
ing at a rate of approximately 5 m/d, the z-direction
settlement of the lining ring was analytically reset to
zero about 10 d before the machine arrived at the cen-
tral cross-section for convenience (Zhang et al., 2022).

Fig. 8 shows the time-history curves of the
z-direction settlement of the existing tunnel for under-
crossing at different angles. The maximum z-direction
settlement is: 0.15 mm for parallel crossing, 0.80 mm
at 14°, 1.30 mm at 24°, and 3.00 mm at 59°. The rela-
tionship between the z-direction settlement, influence
range, and crossing angle is presented in Fig. 9. The
results demonstrate that the maximum settlement in-
creases linearly with crossing angle, while the influence
range decreases in a nonlinear fashion as the crossing
angle increases.

Fig. 8a demonstrates that the settlements along
different sections of Line 14 exhibit uniform temporal

__ 6.0 T T
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S 142 g
= 2.0 4 { Small angle crossing 4 40 =
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Angle (°)
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Fig. 9 Relationship between the z-direction settlement,
influence range, and crossing angle

variations. Consequently, the disturbances induced by
the parallel undercrossing in the existing tunnel dis-
play no discernible spatiotemporal patterns, instead
manifesting as random fluctuations. In contrast, the
small-angle undercrossings produce significantly dis-
turbed patterns in the existing tunnel structure. Thus,
parallel undercrossing is more relevant to the continu-
ity of the z-direction settlement of the existing tunnel,
while perpendicular undercrossing is more relevant to
new tunnel crossings.
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When the crossing angle was 59°, prior to cross-
ing, the z-direction settlement in the section was nearly
zero. During crossing, the z-settlement rapidly increased
to 3.00 mm, which was followed by a slight decrease
to 2.75 mm after the crossing was complete, as illus-
trated in Fig. 8d. This 8.3% rebound demonstrates the
partial recovery effect of grouting and other stabiliza-
tion measures on existing tunnel deformation. As the
crossing angle reaches 90°, —0.40 mm of settlement
occurs at locations that are 30 m away, indicating that
vertical undercrossing induces upward deformation
(reverse buckling) of the existing tunnel at these dis-
tant positions, as illustrated in Fig. 8e.

4.2 Rotation of the lining ring

Theoretically, a parallel undercrossing does not
induce lining ring rotation in existing tunnels. There-
fore, our rotational analysis focuses exclusively on
monitoring areas 2—5. Fig. 10 illustrates the rotation
angles of the lining rings, calculated by Egs. (10)—(17),
in monitoring areas 2—5 at different monitoring times;

here, positive values indicate leftward rotation from the
crossing center, and negative values denote rightward
rotation toward the crossing center. When the cross-
ing angle is 14°, the maximum rotation angle of the
lining ring reaches 0.75x107 (°). This increases to
1.07x107 (°) at 24°, 1.01x107 (°) at 59°, and peaks at
1.11x107 (°) for the 90° crossing. Fig. 11 depicts this
nonlinear relationship between crossing angle and max-
imum lining ring rotation angle.

Analysis of the 24° undercrossing case (Fig. 10b)
reveals the spatiotemporal evolution of the lining ring
rotation angle. The lining ring rotation angle initially
increases and then decreases with increasing distance
from the undercrossing center. The rotation angle ex-
hibits a rapid initial increase followed by a gradual
decrease.

4.3 Elliptical deformation of lining rings

To investigate the variation in ellipticity in a single
lining ring under different crossing angles over time,
this section presents the ellipticity versus time curves

0.8
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for S23 in monitoring area 2, S6,, in monitoring area 3,
S6,, in monitoring area 4, and S14 in monitoring area 5,
as shown in Fig. 12. These curves demonstrate two dis-
tinct patterns, which are determined by the magnitude
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of the crossing angle. For a small crossing angle, the
ellipticity initially increases rapidly before stabilizing.
During the stabilization phase, significant fluctuations
in ellipticity are observed (Figs. 12a and 12b). In con-
trast, for a large crossing angle, the ellipticity first rises
sharply and then gradually stabilizes. During the stabi-
lization phase, fluctuations in the ellipticity are rela-
tively minor (Figs. 12¢ and 12d). When the crossing
angle is small, the influence of the newly constructed
tunnel persists for an extended period. In contrast, a
large crossing angle leads to a shorter-lived impact.
Therefore, the duration of influence emerges as the pre-
dominant factor governing the magnitude of the ellip-
ticity fluctuations.

Based on the time-dependent ellipticity curves
of multiple lining rings, Fig. 13 illustrates the spatial
distribution of ellipticity and its evolution over time.
The maximum measured ellipticity values are 1.7%o,
3.0%o, and 6.5%o at crossing angles of 14°, 24°, and
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Fig. 12 Ellipticity versus time curves of the crossing sections in four monitoring areas: (a) monitoring area 2 (f=14°);
(b) monitoring area 3 (f=24°); (c) monitoring area 4 (f=59°); (d) monitoring area 5 (f=90°)
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59°, respectively. These results demonstrate that the
maximum ellipticity increases with crossing angle.
However, as depicted in Fig. 13e, when the crossing
angle is 90°, the maximum ellipticity is 1.0%o, which
is lower than the values under smaller crossing angles.
When the crossing angle is 90°, the existing tunnel
analyzed under the small-angle crossing is Line 1, not
Line 14. However, based on the engineering context,
significant differences exist between Line 14 and Line 1
in terms of construction methods, ground conditions,
and the distance between the existing and newly con-
structed tunnels. Therefore, the maximum ellipticity
depends not only on the crossing angle but also on
such variables.

When the crossing angles are 59° and 90°, as
illustrated in Figs. 13d and 13e, respectively, the ellip-
ticity of the lining rings decreases with increasing dis-
tance to the crossing center. However, this spatial dis-
tribution does not hold for the 14° and 24° undercross-
ing cases. While generally the ellipticity variation de-
creases with increasing distance, the unusual pattern
identified in this case was primarily caused by grout-
ing activities compensating for ground loss, resulting
in fluctuations in the lining ring deformation. In addi-
tion, construction randomness and other uncertainties

likely influenced this behavior. Thus, the ellipticity
variation in the lining rings is influenced not only by
tunnel excavation but also by factors such as grouting
conditions and shield machine attitude adjustments.
Subsequently, based on the elliptical deforma-
tion fitting results of the lining rings, the relationship
between the relative position of the new tunnel and
the existing tunnel, as well as the direction of the ellip-
tical major axis, can be analyzed. In this section, a
case in which the right line of Line 11 perpendicularly
crosses the left line of Line 1 is selected for analysis.
As illustrated in Fig. 14, when Line 11 is excavated
up to cross-section a, the major axis of the elliptical
deformation in the calculated left-line section of Line 1
points toward cross-section a of Line 11. Next, as
Line 11 advances to cross-section b, the major axis of

Calculated Reaches
section

Reaches

section b section a

h Line 1 left line

{j Line 11 right line

|Reaches section a

Fig. 14 Long axis of the tunnel section ellipse points

1
1
1
1
1
1

Line 1 left line




the elliptical deformation in the left-line section of
Line 1 deviates from its original orientation, shifting
toward cross-section b of Line 11. This indicates that
the long axis of the ellipse of the existing tunnel sec-
tion is often oriented toward the excavation face of
the new tunnel.

4.4 Discussion

The proposed displacement decomposition method
can be effectively applied to tunnel crossings at vari-
ous angles, enabling rapid decomposition of lining ring
displacements into three components: dislocations,
rotations, and deformations. Leveraging this method
enables more accurate assessments of the tunnel’s
bearing state, thereby facilitating the selection of ap-
propriate emergency countermeasures for different risk
scenarios. Future integration of this computational
approach with total stations could enable real-time
monitoring, calculation, and analysis. Nevertheless,
there are several limitations caused by engineering
uncertainties, random factors, and excessive deforma-
tion that should be acknowledged. The inverse analy-
sis of known lining ring rotations and displacements
demonstrates that the rotation angle follows a sinusoi-
dal function with respect to distance. However, engi-
neering uncertainties and stochastic factors inevitably
introduce errors into the rotation angle calculations.
For one, the lining rings are assumed to be homoge-
neous circular rings in our analysis. But when exces-
sive deformation occurs, this assumption may not
hold true, and errors may be introduced into the ellip-
ticity calculations. For areas with significant deforma-
tion, targeted high-precision monitoring measures
should be implemented. Our analysis also assumes
that there is no deformation in the tracks and the con-
crete bed. However, this assumption becomes invalid
when excessive lining ring deformation occurs, partic-
ularly if cracks develop between the concrete bed and
lining rings.

5 Conclusions

This paper proposes a method for decomposing
lining ring displacements in the context of shield tun-
neling. This decomposition method can process total
station monitoring data through separation into three
components: dislocation, rotation, and deformation.
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Because the approach is based on feedback analysis
of monitoring data, it is more closely aligned with
actual engineering conditions and better facilitates
understanding of the components of lining ring dis-
placement. The proposed method was effectively uti-
lized to analyze the displacements of existing tunnels
caused by the undercrossing of new tunnels in Phase II
of the Shenzhen Metro, Line 11.

Based on certain assumptions, including the func-
tional relationship between the rotation angle and dis-
tance, continuity of deformation, and homogeneous
circular ring properties, the rotation angle was calcu-
lated using deformation—rotation compatibility equa-
tions and z-direction displacement difference decom-
position equations. Then, the dislocation of the lining
ring was obtained by removing the rotation effect from
the average displacement of the track monitoring points.
Subsequently, the deformation of the lining ring was
derived by eliminating both the rotation and disloca-
tion components from the measured lining ring dis-
placements. Finally, the calculated values were matched
with the coordinates of the monitoring points, and the
ellipticity of the lining ring was obtained through curve
fitting in MATLAB.

The z-direction displacement was revealed as the
primary factor affecting the displacement of the lining
ring. The z-direction displacement of the existing tun-
nels linearly increases with larger crossing angles,
whereas the affected zone decreases nonlinearly. Dur-
ing the undercrossings, the z-direction settlement ini-
tially rises rapidly and then gradually decreases due to
construction measures such as grouting.

Across different crossing angles, the maximum
lining ring rotation angle occurs during a 90° under-
crossing scenario, and the rotation angles decrease
nonlinearly as the crossing angle diminishes. Under
a constant crossing angle, the spatiotemporal pattern
involves the rotation angle increasing first and then
decreasing as the distance from the crossing center
increases. Temporally, the rotation angles follow a pat-
tern of initial increase followed by gradual reduction.

Spatially, the lining ring ellipticity increases with
crossing angle but decreases with distance from the
crossing center. Temporally, two distinct patterns of
ellipticity variation were observed. Although both
models exhibit similar trends, different crossing angles
significantly impact the post-stabilization amplitude
fluctuations. Additionally, the long axis of the elliptical
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deformation consistently points toward the excavation
face of the new tunnel.

In future work, more data will be collected and
processed using displacement decomposition methods
to derive statistical patterns. This will establish rela-
tionships between construction parameters and defor-
mation, which may ultimately help guide construction
practices. Moreover, future integration of our compu-
tational approach with total station monitoring systems
could enable real-time monitoring, calculation, and
analysis of tunnel lining displacement. This study pro-
vides a robust foundation for real-time early warning
systems, offering theoretical support for developing
digital twins in tunnel engineering applications. None-
theless, assumptions behind the proposed model may
still introduce errors into the results. Subsequent efforts
should therefore also focus on refining these assump-
tions to enhance the computational accuracy.
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