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Abstract: With the fast development of underground space engineering, it is inevitable for buried
pipelines to be crossed by twin tunnels. Previous studies mainly focused on the single-tunneling
effects on pipelines. To emphasize the twin-tunneling effects on buried pipelines, we first examined
the effectiveness of the ground settlement prediction method under twin-tunneling conditions. Then,
the estimated ground settlement boundary condition was applied to the beam-on-spring finite
element model. The numerical results show that with the decrease in tunnel depth and twin tunnel
space, the values and positions of the maximum ground settlement and longitudinal pipe bending
behavior both changed significantly. The biased distance of the maximum settlement position and
the distance to the inflection point of the final ground settlement curve can be obtained by curve
fitting. Based on that, a semi-empirical prediction method for the longitudinal pipe bending strain
was proposed. The predicted values matched quite well with the numerical results, which can thus
provide a quick and effective structural safety and integrity assessment approach for buried pipelines
subjected to twin-tunneling conditions.
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1. Introduction

Buried pipelines are widely used in water supply and sewer collection systems. With
the construction of new pipelines and the increment in existing pipeline networks, it is
inevitable for buried pipelines to go across differential ground movement areas induced
by tunneling [1,2], earthquakes [3], landslides [4], faulting offset [5,6], etc. Among these
geohazard environments, tunnel excavation is one of the most frequently encountered
adverse conditions for buried pipelines. Under the tunneling effects, the ground will be
disturbed, and ground volume loss will occur, which can further lead to differential ground
settlement. The pipelines buried above the tunnel will deform correspondingly, and even
stress state beyond expectations can occur in pipelines [1]. Once the pipe deformation and
loading state exceed the pipeline service limits, the pipes’ serviceability can be deteriorated,
and structural failure of pipelines can happen [7,8].

The tunneling effects on pipe performance have attracted more and more attention
from both researchers and engineering partitioners. A series of model tests, numerical
simulations, and analytical solutions have been reported to investigate the pipe response
under tunneling effects. In terms of model tests, Marshall et al. [9] conducted centrifuge
model tests to examine the relationship between tunnel volume loss, soil strain, and pipe
bending behavior, and then proposed a new prediction method for pipe bending moment.
Shi et al. [10] carried out centrifuge tests to investigate the three-dimensional responses
of the soil and pipeline under tunneling effects, in which special attention was paid to
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the influence of different pipeline orientations with respect to the tunneling direction. It
was found that the pipe settlement and bending strain may be underestimated if only a
perpendicular pipe—tunnel crossing condition was considered. Li et al. [11] reported an
experimental investigation on pipe-soil interaction subjected to ground subsidence using
fiber optic sensing.

With respect to numerical simulation, Klar and Marshall [12] examined the effects
of using Euler-Bernoulli beam and shell elements to model pipe—soil interaction under
tunneling effects through a three-dimensional finite difference method. It was found
that typical concrete and steel pipes with relatively large pipe—soil stiffness can be well
represented as simple beams, while polyethylene pipes with small pipe—soil stiffness may
require the shell element for better predictions. Wang et al. [7] carried out finite element
analysis using pipe—soil interaction elements to examine the tunneling effects on buried
pipelines, and proposed a dimensionless plot to estimate the maximum pipe bending strain
and assess the tunneling-induced risk of pipelines. Shi et al. [13] carried out a numerical
parametric study on the joint rotation of segmented pipelines under tunneling effects, and
provided a simplified dimensionless plot for estimating upper and lower bounds on joint
rotation angles. Wham et al. [14] conducted numerical simulation to investigate the effects
of tunneling-induced ground deformation on joint leaking and tensile strain of buried
pipelines. Ni and Mangalathu [8] explored the probabilistic risk assessment of gray iron
pipes subjected to tunneling based on beam-on-spring finite element analysis. It was found
that existing pipelines with smaller diameters, larger wall thickness, and shallower depth
in loose soil are less prone to failure due to tunneling-induced ground settlement.

Based on model tests and numerical simulations, a series of analytical and empirical
solutions are proposed to estimate the pipe response under tunneling effects. Klar et al. [15]
conducted a comparison between an elastic continuum solution and the closed-form Win-
kler solution with Vesic subgrade modulus. They also provided an alternative expression
for the subgrade modulus to improve the estimation of maximum bending moments of
pipelines under tunneling effects. Klar and Marshall [16] developed a simple expression
for the prediction of pipeline bending moments under tunneling effects, in which pipe dis-
placement and bending moment ratios were related using a simple power law expression.
Huang et al. [17] proposed a Winkler solution based on an improved Winkler modulus to
analyze the response of jointed pipelines due to tunneling. Lin and Huang [18] developed
an analytical solution incorporating the Pasternak model to estimate the deflection and
bending moment of jointed pipes subjected to tunneling. Lin et al. [19] further proposed an
analytical solution to take account of effects of gap formation and the pipeline orientation
on pipe responses.

On the other hand, only limited studies on the effects of twin-tunneling on the ground
deformation and pipeline response are reported. Chapman et al. [20] conducted a series
of small-scale laboratory model tests to investigate the ground movements induced by
multiple tunnels in soft ground, and examined the effectiveness of a modified Gaussian
curve-based method to predict the ground settlement due to twin-tunneling. Kannangara
et al. [21] reported a field measurement of ground surface settlement induced by twin-
tunneling in silty sand. Zheng et al. [22] conducted a series of numerical simulations and
centrifuge tests to investigate the effect of the construction order and relative positions of
twin tunnels on ground settlement, and established a relationship between the changes in
soil stiffness and the settlement behavior. Islam and Iskander [23] collected and summarized
a wide range of ground settlement data related to twin-tunnel construction, and examined
the effects of construction sequence, pillar width, cover depth, etc. Ref. [24] carried out
3D centrifuge tests and numerical modeling on the responses of pipelines subjected to
side-by-side twin tunnels.

It can be noted that most of the existing studies focus on the effects of single-tunneling
on buried pipelines. With the development of underground space engineering, twin tunnels
are more and more used in urban subway systems. Due to the construction of the second
tunnel, the ground settlement will be enlarged, and its effects on buried pipelines will
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be exaggerated compared to the single-tunnel condition. However, whether or not the
assessment methods for single-tunnel conditions are applicable for twin-tunnel conditions
are questionable. It is probable that the single-tunnel solutions can lead to remarkable
underestimation for twin-tunnel conditions, and lead to unsafe assessment of buried
pipelines.

The purposes of this study were to (1) examine the effectiveness of ground settlement
prediction under twin-tunneling effects, (2) investigate the differential settlement and
longitudinal bending behavior of a buried pipeline subjected to twin-tunneling conditions,
and (3) propose a semi-empirical evaluation method for pipe settlement and bending
behaviors under twin-tunneling conditions.

2. Ground Settlement Induced by Side-By-Side Tunneling

Tunneling-induced ground volume loss can lead to the differential settlement of buried
pipelines. The above analytical solutions predominantly rely on the use of greenfield
settlements as input in order to determine the pipeline’s generated response. It is suggested
here that a Gaussian curve [25] can be used to fit not only the greenfield input but also the
deformed pipeline. With regard to the greenfield settlement at the ground surface, a variety
of predictive methods have been established [9,26].

Usually, the single-tunneling-induced ground settlement can be fitted using the Gaus-

sian curve [16], written as
2

S(x) = Smax exp(—3) (1)

in which S(x) is the greenfield settlement at distance x, Smax is the maximum settlement
above the tunnel, and i is the distance to the inflection point. Smax and i can be estimated as

2
Smax = 1.3VL% exp(—1.3D;) )
and
i= KZy (3)

in which V7 is the volume loss caused by tunneling, D is the tunnel diameter, D, is the
relative density of soil, K is a dimensionless trough width parameter, and Z is the tunnel
depth from ground surface to tunnel axis.

When side-by-side tunnels are constructed, the ground settlement will be changed
significantly, as illustrated in Figure 1. The maximum settlement induced by the second
tunnel is noticeably larger than that of the first tunnel. Therefore, the traditional prediction
method based on the Gaussian curve, which neglects the enlargement of ground settlement
caused by the second tunnel, can lead to remarkable inaccuracy in ground settlement,
especially in soft ground.

Ground surface
ARAK

Greenfield displacement - Pipeline displacement

induced by tunnel 2| Greenfield displacement
Total greenfield displacement—/ induced by tunnel 1
-« >
Z‘i | 7 |

Tunnel 2 Tunnel 1

Figure 1. Schematic view of side-by-side tunneling effect on buried pipeline.
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Chapman et al. [20] proposed a modified ground settlement prediction method, and
evaluated the results against small-scale model tests. The expression for modification
function F is given in Equation (4), which illustrates the enlargement of ground settlement
caused by the second tunneling compared to the first one. M is the maximum modification
coefficient, which represents the maximum percentage of settlement increment above the
first tunnel, while d’ is tunnel space, Z is tunnel depth, and A is the multiple of trough
width in half a settlement trough [20]. Once F is obtained, the modified settlement trough
induced by tunnel 2, S, 1,04, can be estimated using Equation (5), where S, is the settlement
above tunnel 2 before modification, and can be estimated using the same method for the
settlement caused by tunnel 1, i.e., S1. Then, the total settlement S; can be obtained based
on Equation (6).

|d" + x|
F=1 1-— 4
S2-mod = FS2 ®)
St =51+ S2_mod (6)

The ground settlements obtained from the test measurements [20] and the modified
method are depicted in Figure 2 for comparison. The tunnels had a diameter and burial
depth of D = 4 m and Zy = 15 m, respectively. The distance between tunnels is about
d’ =1.6D. The volume loss for a single tunnel is V| = 12%. The values of M and K are
0.6 and 0.3. The measured maximum settlements after the first and second tunnels are
about 1.65 mm and 3.5 mm, and the corresponding predictions are 1.82 mm and 3.36 mm,
respectively. It can be seen that the measured values and shape of ground settlements match
the prediction quite well. The effectiveness of the modified ground settlement prediction
method can be evaluated.

Distance from tunnel centerline, x (mm)

400 300 200 100 0 -100 -200 -300
0 _ LA 1 1 1 1

A

Measured Predicted

AN OO

o Sr L St Tunnel 2 Tunnel 1

Ground surface settlement, S (mm)

5

Figure 2. Estimation of ground settlement of side-by-side tunnels.

3. Pipe-Soil-Tunnel Interaction Model

The ground settlement boundary predicted using the modified method is applied to
the finite element pipe-soil-tunnel interaction model, as shown in Figure 3a. The model
is established using ABAQUS 6.14. The pipeline is modeled using 1200 numbers of beam
(PIPE31). The pipe-soil interaction is reflected by the compression and extension of soil
springs along the pipeline, characterized by 1200 numbers of pipe-soil interaction (PSI)
elements. Three directions of relative pipe—soil displacements are considered, i.e., the
upward, downward, and axial directions. Thus, three different bilinear force-displacement



Sustainability 2023, 15, 353

50f18

relationships are considered in the simulation, as shown in Figure 3b,c. The soil resistances
and relative displacement in the upward, downward, and axial directions are F,, Fy, F,
and dy, 04, 6,. The peak resistances and corresponding relative displacements are Fy,, F;,
Fap and b4y, 644, ap, respectively. The peak resistances can be estimated via Equation (7),
in which N, and Ny, are uplift factors; N, Ny, and N,, are bearing capacity factors; c is
the cohesion of soil; and v is the unit weight of soil. H and D), are the burial depth and
outer diameter of pipe, respectively, and « is the adhesion factor. Kj is the coefficient of
pressure at rest, and 4 is the interface friction angle for pipe and soil. The corresponding
displacements can refer to ALA standard [27]. The values of N¢y, Ngo, N¢, Ng, and N, can
also be obtained based on ALA standard [27].

Fu = NeoDp + Ny YHD,
Fig = NecDp + NyyHD,, + Ny 28 )
F,p = nDpac + nDpH'lerzKO tan o

(a) Soil spring:
PSI 1200 elements Ground settlement boundary

\ \

Deformed pipeline:

PIPE 1200 elements

F, © F,
A A
F, tu F ap
5td o~y -0
< > :-' ap >
i s K i,
—f
04 F
ap
F td
v
Fq

Figure 3. Illustration of beam-on-spring FE model for tunneling effect on pipeline: (a) idealized
representation of soil with discrete springs, (b) transverse vertical spring, (c) axial spring.

The effectiveness of the modeling strategy is evaluated by comparing against the
pipe-tunnel interaction centrifuge test measurements reported by Shi et al. [10]. In the test,
an aluminum alloy pipeline with an outer diameter of 0.635 m (in prototype scale), length
of 36.8 m, burial depth of 1.2 m, wall thickness of 0.066 m, and elastic modulus of 70 GPa
was considered. The tunnel had an outer diameter of 6.08 m and burial depth of 12.04 m.
The ground volume loss was about 2%. The soil friction angle was 31°, and unit weight
was 15.19 kN /m3. The value of K was taken to be 0.3, and D, as 0.7. Thus, i = 3.612 and
maximum settlement Spax = 0.027 m can be obtained. According to ALA standard [27] and
the calculation parameters mentioned above, the input parameters for soil springs can be
obtained using Equation (7) and are listed in Table 1.



Sustainability 2023, 15, 353

6 of 18

Table 1. Input parameters for soil springs.

Fr, (N/m) 24,644.74 Sap (m) 0.004

Fyq (N/m) 368,613.54 N, 1.68

Fap (N/m) 25,058.35 N, 20.63
St (m) 0.023 N, 21.76
Sta (m) 0.064 Ko 05

The variations in normalized ground surface settlement, S/D, and pipe bending strain,
ue, calculated using the finite element model are shown in Figure 4, accompanied by
the results measured from centrifuge tests. As can be seen, both the maximum values
of ground surface settlement and pipe bending strain appear in the centerline, and the
values tends to zero when | x| increases further. The predicted normalized ground surface
settlement is S/D = 0.44%, which is quite close to the measured result of 0.43%. The ground
surface settlement curves also match relatively well with each other. The numerical result
of maximum longitudinal pipe strain occurs at the maximum settlement position, with a
value of 207 pe, and the corresponding measurement is about 200 pe. The numerical results
of maximum negative strain are smaller than those of the measurements, but the general
shapes of strain curves are relatively close to each other. In general, the finite element
method provides a sufficient approximation of the measured values for the pipe—tunnel
interaction centrifuge test. Note that only a single tunnel is considered here. Therefore, the
numerical model is extended to reflect the twin-tunneling effects on buried pipelines in the
following sections.

Normalized distance from tunnel centerline, x/D

~~
o
p—
1
[0%]

0.1 A

0.2 4

0.3 1

0.4 -

—©— Measured
—&— Predicted

Normalized ground surface settlement, S/D (%)

0.5

Figure 4. Cont.
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Normalized distance from tunnel centerline, x/D
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Figure 4. Comparison with test measurements: (a) ground settlement, (b) longitudinal pipe strain.

4. Parametric Analyses of Twin-Tunneling Effects on Buried Pipelines

Two tunnel burial depths and three twin-tunnel spaces are considered in this section,
ie., Zg =2.0D and 4.0D, d’ = 1.0D, 1.5D, and 2.0D (Table 2). The other dimensions and
material properties of pipeline, soil, and tunnels are the same as in the previous section.
The results of ground/pipeline settlement and pipeline bending strain are depicted in
Figures 5-8.

Table 2. Summary of parameters.

Item Parameter Value
Burial depth, Zg 2.0D, 4.0D
Tunnel Space, d’ 1.0D, 1.5D, 2.0D
Diameter, D 6.08 m
Diameter, Dp 0.635 m
Pi Wall thickness, t;, 0.066 m
ipe .
Burial depth, H 12m
Young’s modulus, Ep 70 Gpa
Soil Friction angle, ¢ 31

Unit weight, ¢ 15.19 kN/m?
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Figure 5. Numerical results of pipeline settlement under Zy = 2.0D: (a) d = 1.0D, (b) d = 1.5D,
(c)d =2.0D.
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Figure 6. Numerical results of pipeline settlement under Zy = 4.0D: (a) d = 1.0D, (b) d = 1.5D,

(c)d

2.0D.
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Normalized distance from tunnel centerline, x/D
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Figure 7. Numerical results of longitudinal pipeline strain under Zy = 2.0D: (a) d = 1.0D, (b) d = 1.5D,
(c)d=2.0D.
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Normalized distance from tunnel centerline, x/D
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Figure 8. Numerical results of longitudinal pipeline strain under Zy = 4.0D: (a) d = 1.0D, (b) d = 1.5D,
(c)d =2.0D.
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It can be seen from Figure 5 that under the tunnel depth of Zy = 2.0D, the maximum
ground settlement is relatively larger than that of buried pipelines after the tunneling, but
the width of the pipe settlement trough is remarkably larger than that of the ground settle-
ment. With the decrease in twin-tunnel space from d’ = 1.0D to d’ = 2.0D, the maximum pipe
settlement after the second tunneling S;,.» decreases correspondingly from S/D = 0.72% to
0.59%. The maximum S, locates directly above the second tunnel when d' =1.0D, and
the position moves gradually to the midspan between the two tunnels when d’ = 2.0D.

Figure 6 shows the settlement profiles of ground surface and buried pipelines under a
tunnel depth of Zy = 4.0D. It can be seen that with the increment in tunnel burial depth, the
differences between the ground and pipeline settlements after both the first and second
tunneling all become negligible, especially when then tunnel space is relatively large. In
addition, both soil and pipeline settlements are reduced significantly when the tunnel burial
depth is relatively large. For instance, when d’ = 1.0D, the maximum normalized soil and
pipeline settlements after the second tunneling are S/D = 0.51% and 0.48%, respectively.
When d’ increases to 2.0D, the corresponding results are S/D = 0.46% and 0.45%. The
results imply that the increase in the tunnel burial depth is helpful to protect the pipeline
performance when an adjacent tunneling condition is encountered.

The numerical results of longitudinal pipe strain after the tunneling process are shown
in Figures 7 and 8. It can be seen that under a relatively shallow tunnel depth, the response
of buried pipeline changes significantly during the variation in the tunnel space. Under the
condition of Zy = 2.0D and d’ = 1.0D, the maximum pipe strain increases remarkably from
202 pe to 324 pe when the second tunnel is constructed, and the position of the peak strain
moves from the top of tunnel 1 to the top of tunnel 2. With the increment in tunnel space
from d’ = 1.0D to 2.0D, the peak pipe strain after the second tunneling decreases gradually
to 216 pe, and the peak strain occurs at the midspan of the two tunnels. When the tunnel
depth is increased to Zy = 4.0D, the variation in tunnel space does not seem to have obvious
effects on the longitudinal pipe strain results. Under the studied tunnel space conditions,
the pipe strain only slightly changes between 134 pe and 108 pe.

5. Prediction of Pipeline Response under Twin-tunneling Condition
5.1. Maximum Pipeline Response

Effective prediction methods for pipeline response under the single-tunnel condition
have been investigated in previous studies [1,2,7,13,15-19,28-30]. For instance, Wang
etal. [7] conducted a series of beam-on-spring finite element analyses, and then a simplified
relationship between the maximum pipe curvature and the relative pipe—soil stiffness was
proposed, the results of which are plotted in Figure 9. On the other hand, appropriate
prediction methods for twin-tunneling conditions are still rare, and are thus investigated in
this section.

Figures 5-8 have revealed that after the second tunneling, the ground and pipe re-
sponse can be changed significantly. Therefore, the existing assessment for the single-tunnel
condition cannot be applied directly on the twin-tunnel condition, and modifications are
needed. Considering that the maximum settlement and bending strain positions will be
biased after the second tunneling, a modified Gaussian curve function for ground settle-
ment which can reflect the change in the maximum settlement position is proposed, as
shown below:

(x — b)z )

212 ®)

in which b is the biased distance of the maximum settlement position, i is the distance to
the inflection point, and Smax is the maximum settlement after the second tunneling. The
value of Smax and the ground settlements can be estimated using the method introduced
in the previous section. Then, the values of b and i can be obtained by curve-fitting. The
results are plotted in Figure 9 for comparison. The pipe and ground curvatures are obtained
from the finite element analysis. K, and K4 represent the ratio between peak soil resistance
and the corresponding relative pipe—soil displacement, details of which can be found in

S(x) = Smax exp(—
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Wang et al. [7]. It can be seen that when the tunnel depth is relatively large, i.e., Zg = 4D, the
obtained results match quite well with the best-fitting curve provided by Wang et al. [7], and
the change in twin-tunnel space does not affect the results significantly. When the tunnel
depth is relatively small, i.e., Zy = 2D, with the increase in tunnel space, the dimensionless
pipe-soil response result generally moves to the left, indicating that the existing best-fitting
curve becomes relatively conservative when it is used to predict the pipeline performance
under twin-tunneling conditions.

1.0 - =

g

=)
g X Z =4D
e

(0]

=
S 2 0.6
(]
& g
e o
E T
2 E 04+
£ 2
% Bb
E g Best-fit

est-fit curve
.g g 0.2 4 Upper 90%
S S Lower 90%
~ 8 ° This study
0.0 T T T T T T T 1

0 105  10% 10 10?% 10! 10° 10 10?
Relative pipe-soil stiffness, [Ep]p/(Kuo'gK do'llA)](Sm m/l.)o.s

Figure 9. Comparison of numerical results against a dimensionless plot.

5.2. Prediction of Longitudinal Pipeline Bending Response

The dimensionless plot in Figure 9 can provide a conservative estimation of pipeline
response under twin-tunneling conditions, but it cannot reflect the change in pipeline
performance with the twin-tunnel space. Klar and Marshall [16] proposed that the Gaussian
curve function can also be used to fit the settlement of a pipeline under single-tunneling
conditions; thus, the pipe settlement u(x) and bending moment M(x) can be estimated as

= \/ﬁsmax eXP(_‘B%Z)

Epl max 3/2 2 2
M(x) = =57 (2B)° exp(—p) (1 — 26 ) )
B = 0.5—0.1223R~0743rcsinh(R)
Eyl
R= E:ZSZ,

in which S is the slope of the loge (1 /Smax) —(x/ i)? curve and R is the pipe-soil stiffness
ratio, rg is the pipe diameter, and E; is the elastic modulus of soil, according to Klar and
Marshall [16]. Note that Equation (9) is used for the single-tunnel condition, i.e., Smax and i
are the maximum ground settlement and inflection point distance under the single-tunnel
condition, which cannot be used directly for the twin-tunnel condition. In the previous
section, the corresponding estimations for the twin-tunnel condition, i.e., symax and i;, and
the bias b in Equation (8), are obtained. Therefore, Equation (9) can be rewritten for pipeline
response under twin-tunnel conditions as Equation (10):

\/ Stmax eXP ,B 1; )

M(x+bD) m(2/3)~°’/2e><p( B)(1-28%) 10)

in which D is the tunnel diameter. The predicted results are shown in Figures 10 and 11.
For comparison, the numerical results from the beam-on-spring modeling introduced in
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the previous section are also provided. It can be seen that after the modification, the
predicted results match quite well with the numerical results, especially under relatively
large tunnel burial depth conditions. Moreover, when the twin-tunnel space increases,
both predicted and numerical results of peak pipe strain decrease correspondingly. For
instance, when d’ = 1.0D and Z; = 2.0D, the predicted and simulated peak pipe strains
are 327 and 324 e, and they occur at about —0.64D and —0.84D, respectively, to Tunnel 1.
When d’ increases to 2.0D, the peak pipe strains are 228 and 216 pe, and occur at —0.68D
and —0.80D, respectively, to Tunnel 1 (see Figure 10). Under the condition of Zj = 2.0D, the
values and positions of peak pipe strain from both methods are even closer to each other.
When d’ = 1.0D, the peak pipe strains are 131 and 134 pe, they locate at —0.63D and —0.79D
to Tunnel 1. When 4’ = 2.0D, the corresponding results are 112 and 108 pe, —0.70D and
—0.79D, respectively, for prediction and numerical simulation, as shown in Figure 11.
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Figure 10. Longitudinal pipe stain from predicted results and numerical simulation under Zy = 2.0D:
(a)d =1.0D, (b)d = 1.5D, (c) d = 2.0D.
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Figure 11. Longitudinal pipe stain from predicted results and numerical simulation under Zy = 4.0D:
(a)d=1.0D, (b)d =1.5D, (c) d = 2.0D.

Figures 10 and 11 show the effectiveness of the semi-empirical method for predicting
the longitudinal pipe bending strain. The semi-empirical method is also convenient to use
in practice. Once twin tunnels intersecting buried pipelines are encountered, engineering
partitioners can firstly estimate the ground settlement based on Equation (6), then calculate
the biased parameter and the distance to the inflection point in Equation (8) using curve
fitting, and finally predict the pipe response according to Equation (10). The method can
thus provide a simple and effective way to conduct a preliminary assessment of pipe safety
and structural integrity under twin-tunneling effects.

6. Conclusions

With the development of underground infrastructure, it is inevitable for buried
pipelines to cross differential ground settlement areas induced by tunneling effects. Twin
tunnels are more frequently used in modern subway systems. The ground deformation
and the corresponding pipe response under twin-tunneling effects are more significant
than those under single-tunneling conditions. Therefore, this study focused on the pipe
response under twin-tunneling effects and carried out a series of beam-on-spring finite
element analyses. Based on that, a semi-empirical approach is proposed, which can quickly
and effectively provide a prediction on the longitudinal pipe bending behavior under
twin-tunneling effects. The following conclusions can be drawn.

Compared to single-tunneling conditions, both the position and value of maximum
ground settlement and pipe longitudinal response are changed significantly under twin-
tunneling conditions. Comparatively, the maximum pipe bending strain increases with the
decrease in tunnel depth and twin-tunnel space.

The maximum pipe curvature and the relative pipe—soil stiffness relationship follows
the recommended functions when the twin tunnels” depth is relatively large. When the
tunnel depth is small, the pipe-soil response results move generally to the left of the
recommended dimensionless curves when the twin-tunnel space decreases.

The maximum ground settlement position is biased due to the second tunneling. The
biased distance and the distance to inflection point of the final settlement curve can be
obtained by curve fitting. Then, the longitudinal pipe bending strain can be obtained. The
predicted values match quite well with the numerical results.
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