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Abstract

Underground power pipelines are often encased in box culverts and buried in soil. When
foundation pit excavation involves such existing pipelines, the buried box culverts can
become partially suspended, risking excessive vertical deformation and requiring effective
in situ protection. This study proposed analytical methods to calculate the vertical defor-
mation of large-span box culverts under both unprotected and protected conditions. A case
study of the 112 m suspended power box culverts at Yunnan Road Station on Nanjing
Metro Line 5 is presented, where the methods are applied to determine the maximum
allowable unsupported span and to formulate specific support and suspension protec-
tion schemes, which include a number of protection points and their spacing. Validation
through ABAQUS modeling shows strong agreement among theoretical predictions, nu-
merical simulations, and field measurements. Parametric analysis further demonstrated
that the height, width, and modulus of the reinforced soil around the buried section all
have a significant influence on the deformation control effectiveness. This study provides
a combined theoretical framework and practical design guidelines for deformation control
of large-span suspended box culverts in engineering applications.

Keywords: buried box culverts; vertical deformation; support protection; suspension
protection; numerical simulation; soil reinforcement; Winkler foundation

1. Introduction

Municipal pipelines serve as critical lifelines for urban infrastructure, facilitating the
transportation of essential resources and sustaining the regular operation of cities. However,
the construction of underground engineering projects poses significant safety risks to
adjacent buried pipelines, making this issue a primary concern in urban underground
construction [1,2].

Analytical and numerical simulation methods are widely employed to investigate the
effects of tunnel excavation on adjacent pipelines owing to their computational efficiency
and intuitive visualization [3,4]. Previous research has developed various approaches to
predict pipeline responses under different conditions [5]. Zhang et al. [6] developed an
analytical solution for predicting lateral responses of existing piles induced by adjacent
shield tunneling. Their approach integrated an improved Loganathan formula to estimate
horizontal soil displacement and incorporated pile-soil interaction effects through finite
difference modeling. Fu et al. [7] adopted a Pasternak foundation beam model to represent
pipeline-soil interaction, establishing separate differential equations for the voided and
coordinated deformation zones. Their model provided solutions for pipeline deflection,
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internal forces, and the extent of soil-pipeline separation. To address the behavior of
pipelines with discontinuous interfaces, Zhang et al. [8] proposed a simplified theoretical
analysis of the response of a stiff discontinuous interface pipeline under tunnel excavation
conditions based on a modified Winkler foundation model with virtual nodes to consider
the mechanical properties at the pipeline interface. Zhang et al. [9] introduced a closed-form
solution for estimating pipeline deformation due to quasi-rectangular shield tunneling,
combining convergence deformation models with Winkler foundation theory.

Further studies have contributed to understanding pipeline deformation mecha-
nisms [10-13]. Wang et al. [14] considered the pipeline and the surrounding soil as a whole
and proposed an analytical solution for the deformation of the adjacent pipeline caused
by the excavation of the foundation pit based on the Pasternak elastic foundation beam
model. Wang et al. [15] proposed the deflection and internal force equations for buried steel
pipes in local overhang based on the Winkler elastic foundation beam model for the case
of soil loss below buried pipelines. Liang et al. [16] adopted Pasternak foundation beam
theory to establish governing equations for the displacement and internal force of pipelines
following suspension. Complementing these analytical approaches, Li et al. [17] used
ABAQUS to study the effects of erosion cavities, soil type, and other factors on pipeline
deformation for the overhang caused by soil erosion below the pipeline. Liu et al. [18] intro-
duced an analytical solution predicting spatiotemporal deformation of pipelines parallel to
advancing shield tunnels, incorporating multiple excavation-induced forces and proposing
characteristic curves to inform deformation control and grouting strategies. Additionally,
Zhao et al. [19] developed a mechanical model based on the Euler-Bernoulli beam theory
to analyze the deformation of pipelines obliquely crossed by shield tunnels, emphasizing
the critical role of pipeline stiffness in deformation control.

It is important to note that existing research primarily focuses on the stress and de-
formation of pipelines with both ends embedded in soil and a central suspended section.
However, during construction, pipelines with large unsupported spans often require pro-
tective measures to control deformation. Although various methods for pipeline protection
are available, as summarized in Table 1, studies on the deformation of suspended pipeline
sections following the implementation of such protective measures remain limited.

Table 1. Common protection methods and measures for pipelines.

Protection

Types Methods Specific Measures Applicable Engineering Context
Prefabricated vertical Drain (PVD)
Soil reinforcement [20,21] method, Sand Drain method, Relocatable pipelines, shallow excavation
¢ Grouting reinforcement, Soil depth, and soft soil conditions.
Fully buried replacement method
ipeline
PP Pipeline realienment Easily relocatable pipelines with moderate
Pipeline relocation [22] pe & . scope of work and available
Joint replacement X
alternative routes.
Support - Pipeli ires in situ protection with
. I Set support protection peline requires in situ protection wi
Partlally stll.sp ended protection [23] PPOTEP sections exhibiting a partially
ipeline
PP Suspension protection [24] Set suspension protection suspended state.

For removable pipelines, relocation is occasionally adopted as a protective measure.
However, due to its substantial cost, in situ protection methods are more frequently em-
ployed. These in situ protection measures generally fall into two main categories: sus-
pension protection and support protection. The suspension protection method involves
placing longitudinal beams above the pipeline, with steel ropes or steel sections connecting
the beams to the pipeline, forming a protective system [25,26]. When protecting pipelines
from deformation due to their self-weight, the suspension system requires high-strength
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steel ropes or profiles. Consequently, its applicability is limited to municipal pipelines that
are sensitive to large spans and displacements. On the other hand, the support method
involves constructing lattice columns and longitudinal beams beneath the suspended
pipeline, forming a rigid bridge. This system is more stable than the suspension system,
with minimal overall deformation under the self-weight of the pipeline and effective ver-
tical displacement control. However, the support method incurs high construction costs
due to the need for lattice columns and beams and occupies substantial construction space.
Therefore, accurately determining the spacing between support points is crucial, as it not
only impacts costs and frees up construction space but also ensures the reliability and
economic efficiency of the protection solution [27].

There have been similar cases and studies regarding suspended municipal pipeline
in situ protection [28]. Buckland Talyor [23] designed a large support protection device
for a gas transmission line that spanned 350 m of a liquefied natural gas plant in Guinea,
to carry the pipeline through unstable geotechnical slopes. Ferdinand Tschemmernegg
et al. [29] designed a suspension protection structure for a section of sewer pipe with an
overhanging length of 137 m. Liu et al. [24] proposed and validated an in situ suspension
protection technology through integrated numerical simulation (ABAQUS) and field moni-
toring, addressing the challenge of protecting utility tunnels adjacent to new excavations.
Guo et al. [30] developed a sophisticated analytical model based on the elastic founda-
tion beam theory and equivalent spring boundaries to simulate pipeline-soil interaction,
highlighting the importance of capturing boundary effects for mechanical performance.
For the West Yuanhetang tunnel in Suzhou, Jiangsu province, China, a new suspension
protection technique was proposed that utilized the existing excavation support system to
carry shallow-buried large-diameter pipelines, eliminating the need for dedicated struc-
tures and demonstrating effective performance through 3D FEM analysis [31]. Zhang
proposed a support-like protective device for pipelines crossing adverse geological con-
ditions, addressing issues of overlying soil dent and collapse. Based on finite element
analysis software, this device can be effectively applied to crossing pipelines at different
locations [32].

In summary, existing practices for protecting pipelines reveal a reliance on estab-
lished specifications and case-specific empirical solutions [33-36]. For instance, common
rules [37] often prescribe conservative, fixed support spacings regardless of specific culvert
dimensions and soil properties. Furthermore, while case studies such as the suspension
protection of a 180 m high-voltage cable [38] and the innovative use of excavation support
systems for pipeline suspension demonstrates practical applications [30,31], their analytical
approaches frequently lack a comprehensive consideration of the coordinated deformation
between the suspended span and the settling soil at the buried ends [39]. This oversight
can lead to either unsafe designs or overly conservative and costly solutions. Consequently,
a comprehensive analytical method that incorporates all key factors—including coordi-
nated deformation across span, side-span, and buried sections, as well as soil settlement
effects—to calculate the full-span deformation of pipelines under both unprotected and
protected conditions is still not available.

To bridge this gap, this study investigates the in situ protection of power pipelines
housed within a large-diameter box culvert at Yunnan Road Station of Nanjing Metro
Line 5. By dividing the box culverts into mid-span, side-span, and buried sections, and
comprehensively considering the coordinated deformation of each section along with soil
settlement while incorporating structural cross-sectional characteristics, this study estab-
lished analytical methods for vertical deformation under both unprotected and protected
conditions. Then the maximum allowable protection spacing was derived. Furthermore,
specific design schemes for both support and suspension protection are proposed based on
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_Existins Metro Line 4

derived deformation calculation formulas. In addition, three-dimensional finite element
models are constructed in ABAQUS to validate the analytical solutions, while parametric
sensitivity analyses are conducted to assess the influence of reinforcement depth, width,
and modulus of the soil surrounding the buried section. By explicitly incorporating soil
settlement effects at both ends of the box culverts, this study provides a comprehensive
assessment of culvert stability under protection, combining theoretical and numerical
perspectives. Given the complexity of the construction site and the limitations of field
monitoring—where available data are sparse and subject to disturbances—the measured
results are used primarily as reference benchmarks to validate both the analytical models
and the numerical simulations, thereby confirming the engineering applicability of the
proposed method.

2. Engineering Background

Yunnan Road Station is located at the intersection of Beijing West Road and Yunnan
Road in Gulou District, Nanjing, Jiangsu province, China, serving as a transfer hub between
Metro Lines 4 and 5. The proposed Line 5 Yunnan Road Station, aligned along Yunnan Road,
features a three-level underground island platform with a 213.9 m long main structure and
burial depths ranging from 23.3 to 24.4 m, connecting directly with the operational Line 4 (as
shown in Figure 1). The surrounding area contains dense underground pipeline networks.
As shown in Figure 2, within the underground excavation section of the foundation pit,
there exists a 6-circuit 110 kV pipeline that intersects with the foundation pit for a length
of 112 m, with an average burial depth of 1.5 m. The pipeline is encased in cast-in-place
reinforced concrete box culverts designed to enclose and provide protection.

ation Pit of
Road Station
/

Figure 1. Location of the engineering project and the construction area. (a) Location of the foundation
pit of Yunnan Road Station. (b) On-site construction of the foundation pit.

As shown in Figure 3, the site comprises weakly permeable stiff-plastic powdery clay
in the upper stratum, underlain by strongly weathered rock formations with a fissure
zone located 2.5 m below ground level. As soil excavation proceeds, the crossing pipeline
gradually becomes partially exposed and suspended. At this stage, owing to the extreme
length of the suspended section, protective measures must be implemented to restrict the
deformation of the suspended section.

Given the above engineering context and geotechnical constraints, it is essential to
quantitatively assess the mechanical behavior of the box culverts under both unprotected
and protected conditions. The following sections will systematically present the methodolo-
gies developed to calculate culvert deformation and the corresponding protective schemes.
First, the vertical deformation of the box culverts without any protective measures will be
analyzed. Subsequently, deformation behavior under support and suspension protection
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will be computed and compared. Finally, a comparative analysis of the two protection
measures will be provided to inform optimal decision-making in similar underground

engineering scenarios.
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Figure 2. Location of the box culverts.
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Figure 3. Geological conditions.

3. Materials and Methods

3.1. Vertical Deformation of the Box Culverts Without Protection
3.1.1. Vertical Deformation Calculation Formula

Under unsupported conditions, progressive soil excavation beneath the utility tunnel
results in gradually increasing unsupported spans, which amplify vertical deformation
that may compromise pipeline operation. This section establishes a full-span mechanical
model of the underground utility tunnel to calculate vertical deformation without support
protection. The computational methods for both buried and suspended segments ulti-
mately propose an integrated approach for determining the box culverts” overall vertical
deformation. The model neglects the influence of horizontal deformation and axial forces,
a simplification justified by the axial-force-releasing effect of expansion joints and the
dominance of vertical bending response under self-weight [39-42].

To analyze the mechanical behavior of unsupported box culverts, we establish a full-span
mechanical model as shown in Figure 4. The model configuration includes:

1. Point O as the midpoint and coordinate origin of the suspended section;
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2. Segments AC and BD represent left and right buried sections with length L;
3. Segment AB is the suspended span with length L,.
Buried section box culvert | Suspended section box culvert .| Buried section box culvert
(Left) " ' (Right)
| L A Ly/2 . Ly/2 A L N
|

Soil Soil

Figure 4. Mechanical model of the overall box culverts.

The system considers the soil reactions at both ends, generating fixed-end support
through bending moment, M, and shear force, P.
(1) Vertical deformation of the buried section

Figure 5 shows the mechanical model of the buried-section box culverts. For the segment
BD (% <y < L), the self-weight of buried-section box culverts is regarded as a uniformly
distributed load g;. Position B designates the interface between the suspended and buried
section, where the interface bending moment M and shear P.

o

Buried section box Culvert (Right)
9

RN,

Soil

v 3

Figure 5. Mechanical model of the buried-section box culverts.

Based on the Winkler elastic foundation beam theory [43], the buried segment is
treated as a semi-infinite elastic foundation beam. Its deflection control equation can be

expressed as:
diz
Eld—yzl =4q(y) —p(y) )

where EI designates the bending stiffness of the box culverts, p(y) designates the foundation
reaction force, which can be further determined by the following formula:

p(y) = kz = koDz )

where ky designates the stiffness coefficient, which is determined by testing, and D desig-
nates the width of the box culverts.



Buildings 2025, 15, 3804 7 of 26

By combining Equations (1) and (2), we can obtain:

d*z

Eld—y4 +kz = q(y) ®)

Defining the box culvert characteristic coefficient as f = { ﬁ, Equation (3) can be

simplified to:
d'z o0 4
The deformation z(y) for the buried box culvert section can be expressed as:
z(y) = ePY(Cy cos By + Ca sin By) + e~ PY(C3 cos By + Cysin By) + &1;1/) (5)

where Cq, Cy, C3, and C4 are undetermined coefficients applicable (only for the derivation
in this part) and can be determined through boundary conditions.
(@ The deformation at the right-hand end of the buried section (y — o) is zero, we
can obtain:
z(e0) =0 (6)

The above equation is satisfied only when C; =0, C, = 0.
@ The boundary condition at the left end of the box culvert (y = 0) is:

M|y:0 =M @)
gly=0 =P

From Equation (5), we can obtain:

dy?

q= —El% — —EIB3PY[2(C; + C4) cos By + 2(—C3 + C4) sin By]

{ M = —EI2 = —EIf2%~¥[2C; sin By — 2C4 cos By (8)

Then, C3, C4 can be derived as follows:

Cs— 28(P—MB) . _ 2p°M

3 ,Cy r )

Thus, the vertical deformation formula of the box culvert in the local coordinate system is:
_ 2.B —By . q1
z(y) = % [(P — MB) cos By + MBsin By] + " (10)

(2) Vertical deformation of the suspended section

Figure 6 shows the mechanical model of the suspended-section box culverts. For
the segment AB (—% <y < %), the self-weight of suspended-section box culverts is
regarded as a uniformly distributed load 4. Position A designates the interface between
the suspended and buried section, where the interface bending moment M and shear
P are defined.

q
M(HHHHHHHHl

Figure 6. Mechanical model of the suspended-section box culverts.
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The deflection control equation can be expressed as:
d*z
El— = 11
The bending moment formula for the beam can be expressed as:
qLay _ qy°
My)=-—>-—=—+M (12)

2 2

The deformation formula can be obtained by integrating the bending moment equation
twice, which is expressed as:
_ 14l 5yt My
)= (¥ — g T TG+ &) (13)
where Cq, C; are undetermined coefficients (applicable only for the derivation in this part).
The boundary conditions at interface A (y = 0) and interface B (y = L,) are

z(0) =0 (14)
Z(Lz) =0
Then, C; and C; can be derived as follows:
gL' MLy?
= — — = 1
C1 7 7 =0 (15)

Thus, the vertical deformation formula for the suspended section of the box culverts
in the local coordinate system is:

L, L
z2(y) = %(3ML2 + qu —3My — ‘7272]/2 + %y3) (16)

(8) Vertical deformation formulas for the full-span

Upon having derived the vertical deformation formulas for the suspended section and
the buried section in their respective local coordinate systems, it is necessary to perform
a coordinate transformation to integrate the deformations of all sections into a unified
global coordinate system.

As shown in Figure 7, in the local coordinate system, the origin is located at position
B, whereas in the global coordinate system, the origin is set at position E. Given that the
distance between points E and B is L, /2, the coordinate transformation can be expressed as:

Ly
Yelobal = Ylocal — ) 17)

where Ygjopal is the coordinate relative to position B, and yjoc is the coordinate relative to
the global origin at position E.

Thus, the vertical deformation formula of the buried section in the global coordinate
system can be expressed as:

2y) = 2Le P D (P — Mp) cosply - Z) + Mpsinply— 2)| + % (19)
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As shown in Figure 8, in the local coordinate system, the origin is located at position
A, whereas in the global coordinate system, the origin is set at position E. Given that the
distance between points E and A is L, /2, the coordinate transformation can be expressed as:

Ly
Yelobal = Ylocal + o (19)

where yjocq1 s the coordinate relative to position A, Ygjobar is the coordinate relative to the
global origin at position E.

(a) Local coordinate system
L,

I<
B!

<

(b) Global coordinate system

Figure 7. Schematic diagram of coordinate transformation for the buried section.

(a) Local coordinate system
L L, N
I E |
A B
y
3
(b) Global coordinate system
| Ly/2 N
[ |E
A B
0 y
4

Figure 8. Schematic diagram of coordinate transformation for the suspended section.

Thus, the vertical deformation formula of the suspended section in the global coordi-
nate system can be expressed as:

L, 3 2 3
_yt3 qLa” _ Ly, qla, L2" q, L 2B 5 91
2(y) = “gpp |3MLa+ = = 3M(y + ) = - (y+ ) + v+ ) |+ (P=MB)+ (20)

where P = @ can be obtained from the vertical force equilibrium. From the deforma-
tion coordination at the connection point of the two sections of box culverts, it can be
concluded that:

z(0) = z(L2),6(0) = 6(L2) (1)

Bending moment M can be sorted as:

gLy (12+ B*Ly%)

M= 24B(2 + BLy)

(22)
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Associated with Equations (18) and (20), and integrated with Equation (22), the vertical
deformation of the entire box culverts can be expressed as:

@l | pla(124+5°Ly%) _y_ L
zkﬁeﬁ(yﬂz)[ ( - 24ﬁ(2+/3L> ﬁ) osPly =) ] +%, ~Lisy<-%

Ly(124 %L
qzziﬁ zingz Bsinp(—y— 3)
—L3(12+82L%) | qLo° g2Lo (12+4B%L5%) L Lr(12+B%L
2(y) = y+#F 28ﬁ2(2+ﬁL2)2 +- 43 zziﬁ(ZﬂSL; y+7)- + 2 ﬁqzzﬁs((zwﬁm)z ) +0 oyl (23)
y 6ET | gL, Ly, e 3 k| gl kT2 SV
Zry+%) "+ R+ %) T

112Lz ﬂ2L2(12+ﬁ LZ ) _L
%fﬁ(yi%) [ L 41_2 245(2+ﬁL2) ‘B} P +% B<y<iL
- qzzi/s zi/ﬁstz psinply — %)

3.1.2. Case Study

The 6-circuit 110 kV power cable mentioned above serves as the case study for defor-
mation analysis. The maximum allowable unsupported span of the box culverts under
unprotected conditions is calculated by Equation (23). For analysis, as shown in Figure 9, we
established a three-dimensional coordinate system featuring a cross-section with 3400 mm
total width and 1200 mm height, where point ¢ marks the centroid position. As shown
in Table 2, the calculated section modulus is W = 0.65 m3, and the moment of inertia is
I =0.56 m*. The combined weight of the protection layer and the pipeline is converted into
a uniformly distributed load of 4 = 129.6 kN/m, with an elastic modulus of E =1 GPa.

1200

| ~c20
‘ concrete
bedding

ks

Figure 9. Cross-section of the box culvert.

Table 2. Calculation parameters.

W (m®) I(m%) g (KN/m) E (GPa) Zmax (m) ko (N/m)
0.65 0.56 129.6 1 0.02 1.6 x 10*

According to the <Technical specification for monitoring measurement of urban rail
transit engineering in Jiangsu province> [44], the vertical deformation of pipelines exceed-
ing 0.02 m is defined as a hazardous state. By substituting the data from Table 2 into
Equation (23), given that the maximum settlement occurs at position E in Figure 4, which
leads to the formulation of the following inequality:

_ 2 4
0= b2 e +3.24 % 10* x L+

X
6.72 x 10° 1088568 #56712° 162 x 10* x Ly* +4.05 x 10° x L,?

< 0.02 (24)
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As the equation is a higher-order nonlinear one, we employed MATLAB (v2021a) to
solve for L. The programming flowchart is shown in Figure 10. The maximum unsup-
ported span is calculated to be 7.7 m. Although previous analysis has neglected horizontal
deformation and axial forces, a parametric study (as detailed in Appendix A) was fur-
ther conducted to validate the rationality of this assumption by considering the effects of
temperature-induced axial forces on vertical deformation.

/ Input z(Lmay) (Equation 24) /

!

Input tolerance and maximum
number of iterations

!

Input upper bounds a and
lower bounds b of L.y

v

c=(atb)/2

No

z(a) z(b)<0

a=c fey=0

Yesl

/ Output Lya=a /

End

Figure 10. Programming Flowchart for Solving for L;.

The maximum unsupported span is calculated to be 7.7 m; however, the overhanging
power box culvert extends 112 m in the practical project, necessitating the installation of
protection. Considering the pipelines in this case cannot be relocated, in situ protection
measures for the partially suspended sections are suitable. The following sections will
analyze the support protection and the suspension protection, ultimately proposing an
optimal protection scheme.

3.2. Vertical Deformation of the Box Culverts Under Protection

In this section, the vertical deformation formula of the box culverts under in situ
protection is proposed. Based on the specification requirements, the maximum spacing
between support points is further determined, and the support protection design for the
box culverts is ultimately presented.

The total length of the box culverts can be divided into three sections: the buried
section, the side span section, and the mid-span section. The buried section is embedded
in the soil, where horizontal relative displacement with the soil is neglected, and it only
follows the vertical settlement deformation of the soil, modeled as a semi-infinite beam
on a Winkler foundation [43]. Considering the support or suspension protection system
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used in practical projects exhibits substantial stiffness with negligible deformation. The
side span section is treated as a single-span beam with one end fixed and the other end
simply supported. The mid-span section is modeled as a multi-span continuous beam with
both ends simply supported. The self-weight of the suspended and buried sections of the
box culvert is modeled as uniformly distributed loads g and g3, respectively.

Figure 10 shows the mechanical model of the box culverts under in situ protection.

(1) As shown in Figure 11a, for the segment EF, position F designates the interface
between the suspended and buried section, where the interface bending moment My and
shear P are defined.

Box culvert suspended section _

(a) Buried section

- e o »
T~ Suspended span 112m R :
| S ——— Y,
-—= . . ! y
\\ // % Soil excayation i— _________________________________
\ /& , (b) Side span
\\ Soil to be excavated S : q
N s EE LTI,
suspension protection : L y
| L X e
[ | :(c) Middle span
S";I.S .......... q '""""g q3 i q
HO:H%HHHHHHHH iH;Jv:Hl — | ST,
Bt b oA A A B A y ! >y
4@ ®) NCH o I -

Figure 11. Mechanical models of the box culverts under in situ protection.

According to Equation (10), the vertical deformation of the buried section is expressed as:

(25)

where My is derived from the rotational compatibility condition at the interface F, which is
expressed as:
48EIPB? — g3ki,®
(12E1B3 + Ik + 6EIB?)
(2) As shown in Figure 11b, segment CD has a length of /. Position C designates the
interface between the side span and buried section, where the interface bending moment
M. is defined.
The vertical deformation formula for the side span section is expressed as:

My = ¢ (26)

q (f?@)

_ 9 My®  My?
" 2EI'12 6

6EIl,  2EI

z(y) +CGy+C (27)
where Cq, C; are undetermined coefficients applicable (only for the derivation in this part)
and can be determined through boundary conditions.

The boundary conditions at interface C (v = 0) and interface D (y = L) are:

2(0) = (P~ Mcp) + £
{ Z(Zz) ZS ' (28)
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Then, Cq, C, can be derived as follows:
1:(1\345[12 2‘7412;1—2)), CZZ%(P—MJI,B)—F% (29)
Thus, the vertical deformation formula for the side span section is:
20) = o — S s B (gt i - Sy -y + 0

(3) As shown in Figure 11c, segment AB has a length of /1. The deformation formula
of the middle span can be expressed as:

qy*
24FE]

_ i’y qhy?
24E1  12EI

2(y) + (31)

(4) The technical specification permits a maximum vertical deformation of zmax for
pipeline box culverts, the vertical deformation equations for each segment satisfy
Zm (%) < Zmax, 2s(%) < Zmax, and then the maximum unsupported lengths of the middle
span [, and the maximum unsupported lengths of the side span /5 can be obtained. The

full-span vertical deformation formula is expressed as:

My? My oyt Ly M.L 2 2 2
6EIZL — i1+ — ¢ 3)"’ (31 + 2151 - lfi(P_Mfﬁ) + )y + Zr-Mpp)+ B, 0<y < 32)
gla” (y=ls—nly)  qlu(y—Ls—nly) q(y—ls—nly) N

Z4E] - T2E] + 5 k<y<LneN

Thus, the full-span vertical deformation formula for the box culverts under in situ
protection, when combined with the actual project parameters, enables the complete
calculation of vertical deformation across the culvert span.

3.3. Support Protection and Suspension Protection for Box Culverts and Scheme Comparison
3.3.1. Support Protection for the Box Culverts

For the practical engineering case of the 112 m overhanging power box culverts at
Yunnan Road Station discussed in Section 3.1, according to the <Technical specification
for monitoring measurement of urban rail transit engineering in Jiangsu province> [44],
a vertical deformation exceeding 0.02 m is considered hazardous for pipeline box culverts.
Using the calculation parameters provided in Table 2 and applying Equation (32), the
maximum allowable support spacing is determined to be 9.0 m for the mid-span section
and 8.5 m for the side-span section. While the results presented herein are based on
the idealized assumption of the simply supported model, the compliance of supports is
a critical factor in practical engineering. Specifically, the sensitivity of the support spacing
to the final joint stiffness must be considered. To address this, we have included a detailed
analysis in Appendix B, which utilizes a specific case study to validate the rationality of
our initial modeling assumptions.

As shown in Figure 12, when the 6-circuit 110 kV pipeline box culverts are protected by
the support method, the support structure consists of 80# section steel longitudinal beams
and 80# section steel columns, forming a rigid frame structure beneath the suspended span
to directly transfer loads to the stable stratum. To ensure sufficient engineering safety mar-
gin and to avoid differential settlement between the side-span and mid-span sections of the
pipeline, the support protection design was configured as follows: side-span supports are
positioned 8 m from the soil entry point (corresponding to 1.76 mm vertical deformation),
and mid-span supports are spaced at 8.73 m (corresponding to 1.73 mm vertical deforma-
tion). This configuration divides the full span into 13 overhanging segments, requiring
12 support points in total.
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Figure 12. Schematic diagram of the box culverts under support protection.

3.3.2. Suspension Protection for the Box Culverts

The calculation of pipeline box culverts’ deformation under suspension protection is
the same as that under support protection. However, special attention should be paid to
stress control in the suspension structure. When the 6-circuit 110 kV pipeline box culverts
are protected by the suspension measure, the suspension structure consists of double
H-shaped steel, steel wire ropes, channel steel, a concrete capping beam, and a retaining
system of bored cast-in-place piles. As the soil beneath the power pipeline is excavated, the
weight load of the 6-circuit 110 kV power corridor is transferred through the channel steel,
wire ropes, and double H-shaped steel to the concrete capping beam. The capping beam
then distributes the load to the bored cast-in-place piles, which ultimately transfer it to the
foundation. A schematic diagram of the box culvert pipeline under suspension protection
is shown in Figure 13.

H-shaped steel Blﬂlt Bollt
F D gress
: Fining
- Stress .
: wisted steel
concentration / bar
sl | ©00000
a 000000
000000 16# channel
steel
Retaining Retaining
system system

s < s <

Figure 13. Schematic diagram of the box culverts under suspension protection.

The double H-shaped steel (upper beam) is placed on the ring beam of the foundation
pit retaining structure to serve as the load-bearing system. Then, double 300 x 300 H-shaped
steel beams are longitudinally installed on top of the upper beam, serving as the bridge
frame (upper longitudinal beam). To ensure full contact between the steel wire ropes and
the box culverts, 16# channel steel is used to support the bottom of the culvert during
protection, followed by overall bundling and reverse suspension with 24 mm diameter
steel wire ropes.
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When the suspension protection is employed, excessive stress in the tensioned steel
wire ropes may cause deformation or even failure, triggering a chain reaction that could
ultimately lead to fracture of the power pipeline. Therefore, ensuring that the stress in the
steel wire ropes remains within the allowable range is the primary concern in suspension
protection. The allowable stress [¢] for the adopted 24 mm diameter steel wire rope is
31.58 MPa, with a safety factor of 5 applied, with reference to [45].

To ensure the stress safety of the suspension structure, the length of each mid-span section:

4S]o]
q

In <

(33)

where I, is the length of each mid-span section; S is the cross-sectional area of the 24 mm
diameter steel wire rope; g is the self-weight of the box culverts, equivalent to a uniformly
distributed load.

By substituting g = 129.6 kN/m into Equation (33), the following result is obtained:
I, <0.39 m, the minimum distance between each suspension point in the mid-span section
is determined to be 0.39 m, indicating that a total of 285 suspension support points need to
be set.

3.3.3. Optimal Protection Scheme for the Box Culverts

Based on the completed calculations and detailed design proposals for both the sus-
pension protection and the support protection, a comparative analysis is presented in
Table 3. The comparison covers key aspects, including the arrangement of protection points,
spacing between points, cost, and required construction space.

Table 3. Comparison between the suspension protection and the support protection.

. Number of Spacing Between Required
Protection Measures Protection Points Points/m Costs Construction Space
Suspension 285 0.39 Low Relative large
protection
Support protection 12 8.73 High Relative small

In summary, the suspension protection offers advantages such as simple procedures,
rapid implementation, and lower costs, making it suitable for protecting pipelines with
small spans. However, it carries certain risks when applied to long-span suspended
pipelines. In contrast, the support protection provides more reliable performance and
is better suited for protecting pipelines with large spans, significant self-weight, and
strict deformation control requirements. Additionally, it requires less construction space.
Therefore, the support protection scheme is more suitable for pipeline protection at Yunnan
Road Station compared to the suspension protection.

Following this conclusion, the support protection method was selected and imple-
mented in the actual construction at Yunnan Road Station. Figure 14 shows key components
such as the columns, longitudinal beams, and the overall support system, which are pro-
vided as evidence of the practical application and execution of the designed scheme.
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Figure 14. Practical Implementation of the Support Protection System at Yunnan Road Station.

4. Results

To validate the accuracy of the full-span vertical deformation calculation formula for
the box culverts under support protection, we established a three-dimensional finite element
model of the soil-culvert-support system using ABAQUS/Explicit v2016, simulating the
side-span support scheme (as shown in Figure 15). The model dimensions include a 17 m
longitudinal length (8.5 m side span + 8.5 m buried section), a width of 6 times the culverts’
width, and a 24 m length with 20 m soil depth to eliminate boundary effects. The soil,
culverts, and support system employ three-dimensional solid elements connected via tie
constraints, while the steel columns are simplified as discrete rigid bodies embedded in the
soil. The Mohr-Coulomb ideal elastic-plastic model governs the soil behavior. The boundary
conditions are specifically as follows: full constraint at the base, lateral normal displacement
restriction, and a free upper surface. A structured mesh with local refinement near the
side-span and buried sections, combined with hourglass control, ensures computational
precision. Based on the ground survey report and material parameters provided on site, the
modeled component properties are shown in Table 4. The numerical modeling procedure
consisted of the following sequential stages: geostatic stress equilibrium, activation of the
support system, and deactivation of soil elements to simulate excavation.

Overlying

— 2-Sid
ide span Soil

section box

1.5m

20m

T

,w
T WM\WW —Lu‘l “ =

/

Figure 15. Model size of the side-span box culverts.

Iterative trial calculations confirmed negligible soil excavation effects on mid-span
deformation at a magnitude of 10>, validating the exclusion of soil in subsequent modeling.
A three-dimensional numerical model of the support system and 9 m mid-span section was
developed, as shown in Figure 16. The model employed solid elements for the power box
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culvert, 80# section longitudinal beams, and channel beams, while section columns were
treated as discrete rigid bodies due to their minimal deformation. Tie constraints connected
all components, with fully fixed boundary conditions at column bases. The mesh consisted
of structured hexahedral eight-node (C3D8) elements with local refinement and hourglass
control implementation.

Table 4. Modeling parameters.

Thickness Density

Poisson = Cohesion  Angle of

Part Name /(m) /cg-m-3) Elastic Modulus/(N-m—2) Ratio /kPa Friction/(°)
Miscellaneous fill 1.5 1900 5.1 x 10° 0.16 10.0 10.0
Plain fill 2.5 1910 10.0 x 10° 0.30 34.5 12.9
Silty clay 16.0 1970 15.1 x 10° 0.28 50.4 30.4
Box culvert 3200 1.0 x 10° 0.28
30#b Channel steel 5327 2.0 x 10! 0.17
80# Shaped steel 7850 2.1 x 101 0.17

110kv pipeline box culvert

Section 80 steel
longitudinal beam

4

Section 80 steel
column

~

Duplex 30b channel crossbeam

Figure 16. Support system FEM model of the mid-span box culverts.

Numerical analysis of the box culvert-support system reveals the stress—strain distri-
bution, with Figure 17 showing maximum stress concentrations (120.60 MPa) occurring
at the crossbeam-longitudinal beam connection in the side span section. This stress level
remains significantly below the 315 MPa allowable limit for 80# section steel, confirming
structural integrity. Figure 18 further indicates a maximum box culvert deformation of
19.9 mm, according to the <Technical specification for monitoring measurement of urban
rail transit engineering in Jiangsu province> [44], the pipeline deformation complies with
all safety requirements.

Owing to complex site conditions yielding discrete measurements and precluding
continuous deformation data collection, as shown in Figure 19, theoretical and simulated
vertical displacements for the side-span section were comparatively assessed. At 3.8 m spac-
ing between the support point and soil entry point, the theoretical maximum displacement
is 19.9 mm, and the simulated results are 20.0 mm, showing close agreement, while the field-
measured deformation approximates 17.3 mm. The theoretical and numerical simulation
results both comply with the specification requirement of 20 mm for deformation.
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Figure 17. Stress clouds of the side-span support.
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Figure 19. Vertical displacement of the side-span box culverts with support protection.
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Settlement yy initiates at the culvert terminus (x = 0 m), propagating along the longitu-
dinal axis and inducing systemic vertical displacement amplification. Maximum displace-
ment occurs at x = 3.8 m, reducing to 2.5 mm at x = 8.5 m, where simulated displacement
comprises the cumulative effect of support system deformation under culvert loading and
soil displacement.

Numerical modeling generated comprehensive stress-displacement contours illus-
trated in Figure 20. Analysis reveals maximum support system stress occurs at the longitu-
dinal beam-channel beam interface, with a principal stress value of 206.4 MPa—significantly
below the 930 MPa material capacity. Displacement contours similarly indicate a maximum
box culvert deformation of 16.9 mm, which is below the 20 mm limit stipulated by the
specification. Therefore, a support spacing of 9 m for the mid-span section satisfies all stress
and deformation requirements.

+1.032x10%
—4.080x107

(a) (b)

Figure 20. Stress and deformation cloud diagram of the mid-span box culverts. (a) Stress cloud
diagram of the box culverts mid-span section. (b) Deformation cloud diagram of the box culverts
mid-span section.

Figure 21 shows a comparative analysis of theoretical and numerical vertical defor-
mation results for the box culvert. The theoretical model, based on Equation (32), predicts
a maximum displacement of 20.0 mm, which slightly overestimates the field-measured
value of 18.7 mm and the numerically simulated result of 16.9 mm. This consistent over-
estimation, while maintaining compliance with specification limits, demonstrates the
conservative nature of the theoretical approach and provides a valuable safety margin for
engineering design.

To sum up, the tendency of both the analytical and numerical models to yield slightly
conservative predictions compared to field measurements can be attributed to the inten-
tional and inherent simplifications in the modeling process. Firstly, the models are designed
to provide a safe upper-bound estimate by neglecting certain secondary stiffening effects
present in the actual structure. These include the composite action with internal non-
structural components (e.g., cable bundles and their supports) and the semi-rigid behavior
of connections in the field, both of which contribute additional, unquantified stiffness that
reduces overall displacement. Secondly, the selection of input parameters, particularly the
use of a conservative value for the elastic modulus of the reinforced concrete box culvert,
ensures that the analysis remains on the safe side for design purposes. Consequently, this
conservative discrepancy does not detract from the model’s accuracy but rather validates
its reliability as a practical and safe tool for deformation control design, providing a built-
in safety margin that accounts for unforeseen favorable site conditions and unmodeled
structural contributions.
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Figure 21. Vertical displacement of the mid-span box culverts with support protection.

5. Discussion

The preceding analysis demonstrates that as the suspended length increases, the shear
force P and bending moment M at the buried section gradually increase, leading to a cor-
responding growth in the terminal settlement zy. Soil-derived settlement substantially
contributes to overall vertical displacement, particularly within soft-soil regions such as
the Yangtze River Delta and Pearl River Delta, where settlement magnitudes are ampli-
fied [46,47]. Consequently, controlling terminal settlement constitutes a critical considera-
tion for managing global box culvert displacement. In addition to in situ support measures,
soil reinforcement also proves highly effective in controlling vertical displacement [48].
Therefore, this study proposes a combined approach of installing supports in the suspended
span and reinforcing the soil in the embedded sections to more effectively control vertical
displacement, and further investigates the performance of soil reinforcement treatments.

Using Yunnan Road Station as a case study, as shown in Table 5, this analysis inves-
tigates the sensitivity of reinforcement scope and reinforcement strength by simulating
various soil reinforcement schemes for the buried section of the culvert.

Table 5. Reinforcement schemes and parameters.

Comparison 1}{'1;(1}1(1)1:;; Reinforced Reinforced Reinforced
Schemes Soil/MPa Length/m Widths/m Depths/m
1 16.1 8.5 3.4 1.3,39,7.8,11.7
2 16.1 8.5 3.4,68,10.2,13.6 1.3
3 16.1,24.1,32.2,40.2 8.5 3.4 1.3

Scheme 1 compares the control effectiveness of reinforcement soil depth on the vertical
deformation of the buried pipeline. Reinforcement depths are selected as one, three, six,
and nine times the culvert’s height h. The vertical displacement of the box culverts under
different reinforcement depths is shown in Figure 22a.
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Figure 22. Vertical displacement of box culverts with different reinforcement ranges.

Scheme 2 compares the control effectiveness of reinforcement soil width on the vertical
deformation of the buried pipeline. Reinforcement widths are selected as one, two, three,
and four times the culvert’s width b. The vertical displacement of the box culverts under
different reinforcement widths is shown in Figure 22b.

It is concluded that when the reinforcement area and material are fixed, greater
reinforcement depth results in smaller overall vertical displacement of the box culvert.
However, beyond a depth of 3/, the vertical displacement remains largely unchanged and
shows no further reduction. As the reinforcement width increases, vertical displacement
gradually decreases, but beyond three times the culvert width, the displacement stabilizes
with no significant further reduction. Thus, for Yunnan Road Station, critical thresholds for
reinforcement depth and width are identified as 3k and 3b, respectively. Exceeding these
limits provides negligible additional reduction in vertical deformation.

Scheme 3 compares the control effectiveness of reinforcement strength on the vertical
deformation of the buried pipeline. The vertical displacements at the side span of the
box culvert under different reinforcement strengths are shown in Figure 23. When the
reinforcement scope is fixed, increasing the strength of the soil in the buried section effec-
tively controls the vertical displacement of the box culvert. The control effect on terminal
settlement is highly pronounced at reinforcement strengths of 2Es and 3Es, but beyond 3Es,
the improvement diminishes gradually.
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Figure 23. Vertical displacement of box culverts with different reinforcement strengths.
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6. Conclusions

This study systematically investigates the deformation control of large-span buried box
culverts subjected to excavation, focusing on both unsupported and supported conditions.
The main conclusions are as follows:

1. A full-span mechanical model was established by dividing the box culvert into buried,
side-span, and mid-span sections. Analytical solutions for vertical deformation under
both unprotected and protected conditions were derived, enabling the determination
of critical engineering parameters such as the maximum allowable unsupported span
and the optimal support spacing.

2. Taking the 112 m overhanging power box culvert at Yunnan Road Station as a case
study, the results indicate that the culvert cannot remain stable under unsup-
ported conditions, requiring in situ protection. The analytically derived support
scheme—specifying optimized spacings of 8.5 m (side-span) and 9.0 m (mid-span)
with twelve support points—validates the model’s practical utility while maintaining
an inherent safety margin.

3. Comprehensive validation through three-dimensional ABAQUSs confirms both the
accuracy and engineering applicability of the proposed analytical method. The close
agreement among theoretical predictions, numerical results, and field measurements
establishes the method’s reliability for practical design applications.

4.  Parametric analysis reveals that soil reinforcement effectively controls deformation,
with a particularly significant finding being the identification of economic thresholds
at approximately three times the culvert’s height (3h) and width (3b). This crucial
insight enables optimized design by defining the point of diminishing returns for
reinforcement investment.

5. Comparative analysis between support protection and suspension protection demon-
strated that the support protection, despite higher initial costs, offers greater reliability
and minimal deformation control for large-span culverts with strict safety require-
ments, making it more suitable for applications in complex urban environments such
as the Yunnan Road Station project.

However, several limitations of the proposed analytical model should be acknowl-
edged. First, the foundation behavior is simplified using the Winkler assumption, which
does not explicitly account for soil consolidation and creep effects. This may lead to under-
estimated settlement predictions under long-term conditions. Second, the model treats the
self-weight of the culvert, elastic modulus of concrete, and subgrade reaction coefficient
as constants, whereas in reality, these parameters may vary due to concrete cracking, ag-
ing, or soil compaction and liquefaction. Third, the boundary conditions for the support
system idealize the flexible lattice supports as rigid connections, neglecting the potential
influence of rotational stiffness and vertical spring stiffness on moment redistribution.
Despite these limitations, the simplified model provides a valuable theoretical framework
and practical tool for preliminary design and parametric analysis. Future research will
focus on incorporating time-dependent soil behavior, material nonlinearity, and flexible
support conditions to develop more refined models that can capture complex interactions
in practical engineering scenarios.
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Appendix A

The deflection control equation of the unsupported span, considering the influence of
axial force N, can be expressed as:
diz d*z
El-—— +N-— = Al
Then the vertical deformation formula for the suspended section of the box culverts in
the local coordinate system is:

L’ Ly gy L? g LS [ s N, [Vk N, @
1 3M(y+2) 2(y+2)+4(y+2) +1/2k 2+E1k2(P M > 4EI)+k (A2)

The vertical deformation of the 7.7 m unsupported span was calculated separately for
temperature increases of 10 °C and 20 °C, as well as for temperature decreases of 10 °C
and 20 °C. The linear expansion coefficient for concrete was taken as 1 x 107°/°C. The
calculation results are presented in Table Al.

Table A1l. Vertical deformation Considering Temperature Effects.

Temperature Axial Force Maximum Vertical Relative Change (%)
Change (°C) Condition (kN) Deformation (mm) &
—20 836 20.69 3.45
—-10 418 20.32 1.60
0 0 20.00 0
+10 —418 20.22 1.12
+20 —836 20.75 3.77

Tensile axial force is defined as positive, and compressive axial force as negative.

Based on the aforementioned calculation results, it can be concluded that within the
temperature variation range of £20 °C, the maximum relative change in vertical defor-
mation induced by axial force is only 3.77%, indicating a limited magnitude of influence.
Therefore, within the scope of engineering parameters focused on in the current study,
neglecting the effect of axial force has a negligible impact on the accuracy of vertical
deformation calculations, further demonstrating that this simplification is justified.

Appendix B

The calculation model with vertical springs was constructed and compared its results with
those from the simplified model to further validate the reliability of the simplified approach.

Figure A1 presents the simplified model of the mid-span section supported by vertical
springs, and its governing equation is:

EIz%(y) =g (A3)
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The boundary conditions are:

z(0) =0
Z(ll) =0
EIz"(0) + k,z'(0) =0 (A4)
Elz" (Z]) - er/(ll) =0
The deformation formula of the middle span can be expressed as:
__1 hq kg h’q
W) = 5ger ~ Er? 24EI(k:l1 - 2E1)y2 " 12(k 1y — 2ED)” (A5)
q
RITERER NIRRT
>y
i

Figure A1. Vertical springs model of the box culverts under in situ protection.

Stiffness values of vertical springs were selected as 0 and 10* to simulate ideal sim-
ply supported and vertical spring-supported conditions, respectively. By substituting
the maximum mid-span spacing of 9.0 m and the data from Table 2 into Equation (A5)
for calculation, the maximum settlement obtained using the vertical springs model was
20.93 mm, with an error of 4.65%. This deviation has a limited impact on the results and
falls within the acceptable error range. Therefore, the use of the ideal simply supported
model is justified.
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