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Abstract

The excavation of deep foundation pits can cause variations in the displacement and stress fields of surrounding soils, which hence
induces adverse effects on adjacent structures. This study presents a two-stage method to quantify the impact of the excavation of a deep
foundation pit on the adjacent double-curved arch bridge in the historical city of Nanjing, Southeastern China. The entire process of the
foundation pit excavation was simulated and the induced deformation of the arch foot was obtained in the first stage by hardening soil
model with small-strain stiffness. Then, the obtained deformation of the arch foot was applied to the bridge structure as a displacement
boundary in the second stage to calculate the internal forces and deformations of the double-curved arch bridge structure. The tensile
strength of concrete is taken as the limit value of the tensile stress of the double-curved arch bridge. The limit values of arch foot dis-
placement under four evaluation conditions are obtained by step loading calculation. The present results provide construction guidance
and safety warning for the process of foundation pit excavation adjacent to double-curved arch bridges for historical preservation.

Keywords: Deep foundation pit; Two-stage method; Double-curved arch bridge; Safety evaluation

1 Introduction

With the development of cities, various types of infras-
tructure have increased and the situation of deep excava-
tion constructions close to existing bridges is also
becoming more common. The excavation can cause
changes in the displacement and stress fields of the soils
surrounding the foundation pit, which results in ground
settlement and deep soil displacement and hence in the col-
lapse and damage of adjacent buildings (Roboski & Finno,
2006; Liang et al., 2024). For double-curved arch bridges
that have been in service for a long time, the excavation-
induced soil displacement would result in additional and
internal forces within the superstructure. When the defor-
mation of bridge foundations exceeds a certain threshold
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or their internal forces exceed the allowable strength, it
poses a threat to the safety of the bridge (Goh et al.,
2003; Li et al., 2022). In the past three decades, some stud-
ies on the influence of foundation pit construction on adja-
cent bridges have been done, using different analysis
methods such as numerical simulation (Faherty et al.,
2022; Feng et al., 2021; Huang et al., 2020; Li et al.,
2020; Ye et al., 2021; Zheng et al., 2024), physical modeling
(Farrell et al., 2014; Wang et al., 2020), and field monitor-
ing (Acikgoz et al., 2017; Liu et al., 2019). However, most
of the studies only focus on the effect of foundation pit
excavation on adjacent pile foundations of bridges and
neglect the response of upper bridge structures (Soomro,
2021; Gu et al., 2024), or on the opposite where the soil-
foundation interaction induced by excavation activities is
ignored (Li et al., 2020).

The double-curved arch bridge is a typical bridge struc-
ture which arose in the 1960s in China (Zhang et al.,
2012a). The double-curved arch bridge has the advantages
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of saving materials and convenient construction. The con-
struction of double-curved arch bridges accounted for a
quarter of all highway bridges according to the statistics
of cases from the 1960s to the 1980s (Huo et al., 2012).
After half a century of development, some structures began
to show insufficient bearing capacity and even structural
damage. On the other hand, there are still a large number
of double-curved arch bridges in service. These bridges
are not just for the traffic service, but serve as landmark
buildings with profound cultural value, such as Nanjing
Yangtze River Bridge (NYRB) and Changsha Xiangjiang
River Bridge in China (Gonen et al., 2013; Huo &
Zhang, 2012; Zampieri et al., 2017; Zhang et al., 2012b;
Zhou et al., 2020).

When a foundation pit is excavated very close to double-
curved arch bridges, it is necessary to evaluate the impact
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of the double-curved arch bridge caused by the excavation
(Huang et al., 2019, 2004).

The existing research on the interaction mechanism of
soil-foundation-superstructure is not sufficient. There is
no expediency calculation method, which can accurately
calculate similar engineering problems. In this study, a
two-stage simulation method was performed innovatively
to examine the whole response of a double-curved arch
bridge to the excavation of foundation pits. In the first
step, the arch foot displacement under the most unfavor-
able conditions of foundation pit excavation is obtained.
In the second step, the additional deformation of the arch
foot is divided into four assessment conditions. The addi-
tional displacement limit of the arch foot is determined,
and compared with the field situation. The proposed
method has advantages to quickly build models and con-
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Fig. 1. (a) Location diagram of foundation pit and the double-curved arch bridge, and (b) a photo of top view of the foundation pit and the bridge.
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duct safety analysis of double-curved arch bridges, which
can provide the limited displacement of the arch foot.

2 Excavation-induced arch foot deformation of the double-
curved arch bridge

2.1 Double-curved arch bridge adjacent to deep foundation
pits

The foundation pit project of Yangtze River Bridge Sta-
tion (as shown in Fig. 1) is located at the intersection of
North Yangtze River Bridge Road and North Puzhu
Road, on the west side of the double-curved arch bridge
of NYRB north approach bridge. The foundation pit is
about 62 m in span and 120.8 m in length, and a minimum
distance of 7.2 m from the double-curved arch bridge. The
support scheme of foundation pit in this case adopts ultra-
deep diaphragm wall embedded in rock mass with an aver-
age depth of over 70 m and a thickness of 0.8 m. The 1.2 m
thickened diaphragm wall is adopted near the pier of the
double-curved arch bridge. Additionally, metro jet system
(MIS) is used to strengthen the soils between the founda-
tion pit and the double-curved arch bridge, and the MIJS
pile length is 35 m with a diameter of 2 m and a spacing
of 1.3 m as shown in Fig. 2.

As shown in Fig. 2, the subway station is located at the
Yangtze River floodplain landform unit, and the soil layers
in the field from top to bottom are: (D filled soil, @ silty
clay, @ silty clay with silt, @ silty sand, ®) coarse sand
mixed with gravel, ® strong weathered rock, and @ mod-
erately weathered rock. The weathered rock at the bottom
of the diaphragm wall is 1.5 m in thickness, and the geolog-
ical condition is poor for this project.
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The Nanjing Yangtze River Bridge, as an immovable
cultural relic in service, has a high demand for the deforma-
tion control. The double-curved arch bridge is located at
the north end of the main line bridge, with 4 holes on the
north bank and a length of 137 m. The bridge is 20.1 m
in wide. As shown in Fig. 1, there are 34 piles under each
pier with a length of 23 m and a diameter of 0.6 m. Each
hole has the same cross-section catenary without hinged
arch, and the vector span ratio is 1/4-1/5.

2.2 Modeling of the foundation pit and double-curved arch
bridge

The finite different method by FLAC?" 7.0 was used to
establish the whole model of the foundation pit and the
double-curved arch bridge. Figure 3 presents the numerical
model of this study, and the boundary of the model extends
3-5 times the excavation depth of the foundation pit with
the boundary of the foundation pit. Considering the sensitiv-
ity of the surrounding environment and the speed of numeri-
cal calculation, the size of this modelis 300 m (length) x 175m
(width) x 80 m (depth). According to the excavation depth of
the foundation pit and the depth of the diaphragm wall, the
vertical direction of the model is about 4 times the excavation
depth of 24.2 m. The quantity of nodes is 209 398, and the
units is 668 425. The nodes along the four sides boundaries
were limited in their horizontal movements but permitted to
move vertically. Meanwhile, both horizontal and vertical
movements of all bottom nodes are constrained.

Considering that the project is located in an area with
rich water-soft clays, the double-curved arch bridge has
extremely high requirements for deformation control as a
protected cultural relic. In this study, the soil was modeled
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Fig. 3. 3D overall model. (a) Geometry and mesh of the model, and (b) model detail sketch.

using the hardening soil model with small-strain stiffness
(HS-small model). The detailed parameters are given in
Table 1. These parameters were obtained through labora-
tory tests. The test was conducted in strict accordance with
the operating specifications, and relevant literature was ref-
erenced (Wang et al., 2013; Hejazi et al., 2008). The retain-
ing structure, double-curved arch bridge, roadbed, and
other components were established as solid elements, while
the steel support and pile foundations were established
using structural elements. The following numerical calcula-
tion parameters are derived based on the existing design
parameters, as shown in Table 2.

2.3 Construction sequence of the foundation pit

The foundation pit was divided into three small pits,
denoted as Al, A2, and B as shown in Fig. 3. The numer-

Diaphragm wall
Steel support

ical simulation was carried out according to the actual con-
struction conditions to analyze the additional deformation
of the arch foot under the most unfavorable conditions in
each excavation stage. Due to the complete waterproofing
of the diaphragm wall, the effect of groundwater changes
on foundation pit excavation does not need to be consid-
ered in this analysis. There were 41 analysis steps in the
model calculation, as given in Table 3.

2.4 Comparison of simulated and monitored displacement for
piers

As shown in Fig. 1, ten monitoring points, denoted as
east (E) and west (W), were set at the arch foot of five piers
(34#-38#) close to the foundation pit, and the displace-
ments of each point were extracted. The vertical (Z), longi-
tudinal (longitudinal bridge direction X) and transverse
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ot o %’ g (transverse bridge direction Y) displacements of each arch
o |BRRT YR £ 3 foot obtained by simulation at the end of excavation of
B4 Soco oo I S 2 . ..
o S three sub-pits Al, A2 and B were statistically analyzed,
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o o s <8 The overall subsidence of the double-curved arch bridge
2 |scSscscss 0 t % occurs considering the unloading effects of foundation pit
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Table 2

Structural material parameters.

Component Young’s modulus E (GPa) Poisson’s ratio 7 (kN/m?)
v

Bridge body 25 0.2 24.5

Abutment 30 0.2 25.0

Pile 30 0.2 25.0

MIS pile 2 0.2 23.0

Triple-axis mixing pile 1 0.2 22.0

Table 3

Specific construction steps.

Sequence Construction sequence Calculation steps
1 Generate the initial stress field 0-4
2 Generate bridge; Reset displacement to zero 5-8
3 Excavation of Al pit; Construction of the crown beam, support and the column; Pouring floor 9-19
4 Excavation of A2 pit; Construction of the crown beam, support and the column; 20-29
Pouring floor
5 Excavation of B pit; Construction of the crown beam, support and the column; 30-41

Pouring floor

QUS, the quantity is 1.24 x 10°, and the compressive
strength of the concrete material is 35 MPa. In order to
characterize the damage of the bridge under excavation-
induced soil displacement, a CDP model was employed,
with specific parameter values referenced from the study
(Ahmad et al., 2023). Considering the tensile properties
of concrete, the stress-cracking displacement relationship
proposed by Hordijk (1992) is adopted, and the expressions
are given by

3
a(w) w —6.93% W 693
—=14+27 — e — 28 — 1
Sim * <Wcr) ‘| ¢ Wer ‘ ’ M)
We = 5.14Ge/f 1) (2)

where w is the cracking displacement, a,(w) is the tensile
stress perpendicular to the cracking direction, f',, is the
maximum tensile strength of concrete, w,, is the maximum
cracking displacement, and G is the fracture energy per
unit area.

As shown in Figs. | and 5, the double-curved arch
bridge is a structure composed of arch rings (arch ribs, arch
waves, and arch panels), interconnected by transverse com-
ponents, forming an arch bridge with curved profiles both
longitudinally and transversely. These arch rings can be
further categorized into primary arch rings and intrados
arch rings. The loads on the intrados arch ring are trans-
mitted from the spandrel walls to the main arch ring, with
the main arch ring carrying a portion of the arch loads and
the loads transmitted from the spandrel walls on the intra-
dos arch ring. The main arch ring subsequently transfers
these loads to the abutment. Therefore, the primary load-
bearing structure for the double-curved arch bridge is the
main arch ring.

The displacement of the arch foot during each excava-
tion in the previous section was incorporated into the
double-curved arch bridge model (Fig. 5). This allows for
the analysis of the structural response of the upper compo-
nents (primary arch rings). The analysis was conducted
under the most critical loading conditions.

3.2 Analysis on the internal forces of the double-curved arch
bridge

The internal forces in primary arch rings, mid-span, and
arch foot of the double-curved arch bridge under normal
conditions were calculated as baseline values. Excavations
were conducted sequentially at locations Al, A2, and B
in the foundation pit. These activities induced additional
deformations in the arch foot of the bridge. This alteration
in the structural load distribution caused increased defor-
mations in certain critical components. Additionally, ten-
sile stresses appeared on the concrete surface. The
variations in internal forces within the primary arch rings
at each excavation stage were then calculated and com-
pared with the results obtained under normal conditions.
Normal conditions refer to the deformation of the arch
bridge only under vehicle load (excluding heavy vehicles)
and self-weight conditions.

As shown in Fig. 6, the maximum deflection at mid-span
of the double-curved arch bridge under normal conditions
was determined to be 6.67 mm. With the progression of
foundation pit excavation, the maximum mid-span deflec-
tion steadily increases, reaching its peak upon completion
of excavation in pit B. The excavation of pit Al prompts
the most significant increase in the maximum mid-span
deflection, reaching 2.59 times the standard value and con-
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Fig. 4. Arch foot displacement of a double-curved arch bridge under the influence of foundation pit excavation. (a) Z direction, (b) Y direction, and (c) X

direction.

stituting 60.28% of the total deflection increment during
excavation. Pit B excavation exerts the smallest impact
on mid-span deflection, approximately 13.24%, potentially
attributed to the increased distance between pit B and the
arch bridge.

Figure 7 presents the maximum positive and negative
bending moment (BM) of the main arch ring. In standard
conditions, the maximum positive BM for the main arch
ring of the elliptical bridge is 428.8 kN-m, with a corre-
sponding negative BM of —328.2 kN-m. The excavation


move_f0035

Spandrel ring

344

Arch foot—» =

X. Yan et al. | Underground Space 21 (2025) 164-177 171

0 - —
—9 |5 _
_— A 5
g d
g L J
= 6 m Al observed
S i —+ Al simulated
g -8 r A A2 observed
3 I —— A2 simulated
210 ® B observed
D. [ ~—O— B simulated
>< -12 } (/c N— M,_Wf —W:.‘j — fﬁ? =
-14 + 357‘7 37£W 3(;w 3‘5W 34;w -
-16 |4 i
~18 [ ; J%E 3E [ 36E [ 35E;  34F i i i

38W 38E 37W 37E 36W 36E 35W 35E 34W 34E
Monitoring point

Main arch ring

354

Vertical wall

(c)

Fig 4. (continued)

Fig. 5. Schematic diagram of the double-curved arch bridge.
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Fig. 6. Maximum mid-span deflection of main arch ring. (Unit: mm).

of pit Al minimally affects the maximum moment of the
main arch ring, showing a variation within 2%. Pit A2
excavation exerts the most substantial influence on the
maximum moment of the main arch ring, attributable to
its location at the bridge’s terminal. However, pit B excava-
tion affects the maximum moment of the arch bridge, albeit
less prominently than pit A2.

As depicted in Fig. 8, the upper and lower edges of the
main arch ring experience compression, consistent with the
typical operational state of a double-curved arch bridge. A
notable disparity in compressive stress exists between the
arch foot and the mid-span of the lower edge. It reveals a
progressive increase in internal forces at different locations
of the double-curved arch bridge both at the mid-span and
the arch foot during excavation. The most pronounced
increase in stress occurs at the lower edge of the main arch
ring at the mid-span. In the A2 excavation stage, the stress
shifted from compression to tension, escalating during the
excavation of pit B and reaching 1.25 MPa. Tensile stress
within the arch poses a significant threat to the structural
stability of the double-curved arch bridge. At the comple-
tion of excavations, a marked rise in tensile stress is evident
at the lower edge of the main arch ring in span 37# to span
38#. The maximum tensile stress is 1.33 MPa on the left
side and 1.16 MPa on the right side of the lower edge of
the main arch ring. Currently, the main arch ring exhibits
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not a fully symmetrical cross-sectional bending state but a
degree of torsion in the plane. Torsion in the main arch
ring is primarily induced by the uneven settlement differ-
ence in the lateral direction of the arch foot.

4 Limited deformation of double-curved arch bridges

4.1 Criteria for the deformation evaluation of double-curved
arch bridges

From the perspective of bridge structural assessment
principles, it is significant to ensure that a structure pos-
sesses safe strength, avoiding failure, and guaranteeing nor-
mal functional performance are fundamental criteria for
evaluation. However, due to the presence of various exter-
nal environmental factors and the specific nature of the

structure itself, particularly in the case of the north
double-curved arch bridge. It consists of discrete compo-
nents assembled into a structure and has a long history.
The bridge has accumulated additional deformations and
structural damage over time. These factors make it chal-
lenging to determine the true stress state of the double-
curved arch bridge through computational simulations or
investigative studies. Therefore, to determine the deforma-
tion criteria for double-curved arch bridge is important.
Considering these challenges, nine representative cross-
sections, including 1/2 span, 1/4 span, 3/4 span, 1/8 span,
3/8 span, 5/8 span, 7/8 span, and two arch feet, were
selected for assessing their additional deformations induced
by excavations (refer to the monitoring points CD1-CD9
in Fig. 9). The assessment of the primary load-bearing
component, the primary arch ring, must be based on its
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Fig. 9. Typical cross-sections and point positions.

ability to meet normal usage criteria, while it cannot be
based on whether the structural strength is damaged, which
will cause safety risks and hidden dangers of the bridge.
Therefore, the evaluation should primarily focus on the
stress control.

In this analysis, when the concrete surface tensile stress
of the primary arch ring (the primary load-bearing compo-
nent) induced by additional deformations reaches the
design value of tensile strength, the possibility of cracking
appeared from a design perspective. While the structure
may not be in immediate danger of collapse, the post-
damage load-bearing performance of the primary arch ring
will deteriorate, introducing a certain level of risk to struc-
tural safety. Therefore, using the design value of the con-
crete tensile strength as the assessment limit for the
primary load-bearing component is appropriate.

During the maintenance and strengthening of the pri-
mary arch ring from 2016 to 2018, the concrete cross-
section was enlarged using methods such as rebar rein-
forcement and pouring C35 self-compacting fine stone con-
crete. The original cross-section was increased by 6.5—
7.0 cm (on the sides) and 10 cm (on the bottom). It is con-
sidered that the new and old concrete bond well and can be
treated as an integral load-bearing component. Arch
bridges are more sensitive to tensile stress than compressive
stress. Therefore, the assessment limit for the primary arch
ring is set at the design value of the ultimate tensile strength
for C35 concrete, which is 1.57 MPa (Ministry of Housing

©

and Urban-Rural Development of the People’s Republic of
China, 2010).

4.2 Calculation of the additional deformation of double-
curved arch bridges

Figure 10 presents the modes of additional deformations
in the foundation of the double-curved arch bridge caused
by excavation. Their mainly consist of four types: vertical
additional deformation mode (vertical settlement difference
between arch foot), longitudinal additional deformation
mode (longitudinal horizontal displacement difference
between arch foot), lateral additional deformation mode
(relative lateral displacement difference between arch foot),
and lateral tilt mode (lateral settlement difference of indi-
vidual arch foot). The design value of tensile strength of
concrete in the main arch ring is 1.57 MPa. It is the limit
value of tensile stress of the main arch ring. When the ten-
sile stress of concrete surface exceeds it, there is the possi-
bility of cracking. The initial values for the calculations
under the most unfavorable conditions due to excavation
on the double-curved arch bridge were taken. Through
stepwise loading calculations, the ultimate stress values
for various assessment sections of the primary arch ring
under these four conditions were determined.

Considering the beneficial factors of deformation
between the arch foot of continuous-span bridges, the limit
value in continuous-span bridge is higher than the single-
span bridge. Therefore, the limit for additional deforma-
tion of the arch foot is determined based on a single-span
double-curved arch bridge.

(1) Vertical additional deformation

Figure 11 presents that in the simulation of mode 1, the
right bridge pier base of the double-curved arch bridge
model was fixed, while a downward displacement of
25 mm was applied to the left bridge pier base. One hun-

(®)

1!

(d)

Fig. 10. Four modes of additional deformations of the double-curved arch bridge. (a) Mode 1: vertical additional deformation, (b) mode 2: longitudinal
additional deformation, (c) mode 3: lateral additional deformation, and (d) mode 4: lateral tilt.
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Fig. 11. Tensile stress distribution of the lower edge of the main arch ring
under vertical additional displacement condition (model 1).

dred analysis steps were set, with a displacement load of
0.25 mm applied in each step. The results were output
frame by frame and subjected to statistical analysis. Under
vertical displacement of the arch bridge, the assessment sec-
tion on the settlement side is in tension, and tensile stress
increases gradually with the displacement. At CD4, the ten-
sile stress reached the concrete tensile strength design value
of 1.57 MPa, corresponding to a displacement load of
11.35 mm. During the excavation process of pits Al, A2,
and B, the tensile stress on the assessment section gradually
increases but remains below 1.57 MPa. This indicates that
in mode 1, when the settlement of the arch foot reaches
11.35 mm, there is a potential for cracking on the surface
of the main arch ring concrete. With the increase of dis-
placement, the arch bridge is easy to perform a tensile fail-
ure mode at CD2 and CD3 when the vertical settlement
difference exceeds 16.20 mm.

(2) Longitudinal additional deformation

In the simulation of mode 2, the right bridge pier base of
the double-curved arch bridge model was fixed, while a left-
ward displacement of 25 mm was applied to the left bridge
pier base. The calculation process is the same as that of
mode 1. As shown in Fig. 12, with the occurrence of longi-
tudinal relative displacement at the arch foot, the mid-span
deflection of the arch bridge increases, and tensile stress
increases with the displacement. As the longitudinal hori-
zontal displacement of the arch foot increases, the upper
compressive stress of the main arch ring increases, while
the lower compressive stress decreases, leading to the
appearance of tensile stress. At the CDS8 assessment sec-
tion, the tensile stress in the member reaches the design
value of 1.57 MPa for C35 concrete tensile strength. When
the longitudinal horizontal displacement of the arch foot
reaches 7.58 mm, the main load-bearing components exhi-
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Fig. 12. Tensile stress distribution on the lower edge of the primary arch
ring under longitudinal additional displacement conditions (mode 2).

bit a state that affects normal usage. Before this, the longi-
tudinal horizontal difference caused by the excavation of
the foundation pit has no significant impact on the normal
state of the structure. But when the longitudinal horizontal
displacement between arch foot exceeds 8.12 mm, the arch
bridge is easy to perform a tensile failure mode at CD7 and
CDs8.

(3) Lateral additional deformation

Due to the relative lateral displacement between the arch
foot, the upper edge of the primary arch ring on the lateral
displacement direction experiences tensile stress, while the
lower edge on the opposite side also experiences tensile
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Fig. 13. Tensile stress variation of main arch ring with lateral displace-
ment of arch foot (mode 3).
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Fig. 14. Tensile stress variation of main arch ring with lateral tilt of arch
foot (mode 4).

stress. The primary arch ring exhibits a noticeable torsional
state in the plane. Torsion causes the tensile stress on the
upper edge of the primary arch ring to be asymmetric rel-
ative to the centerline of the section.

Through step-by-step loading calculations, when there is
a relative lateral displacement of 8.44 mm between the arch
foot, the primary arch ring exhibits a torsional state. The
upper edge of primary arch ring locations (CD4) experi-
ences tensile stress reaching the design value for the tensile

strength of C35 concrete. There is a possibility of compo-
nent cracking at this section. By examining the stress distri-
bution of the primary arch ring in Fig. 13, it can be
observed that the relative lateral displacement between
the arch foot primarily causes the primary arch ring to
undergo torsion in the plane. The primary arch ring exhi-
bits a symmetrical tensile stress distribution in the diagonal
direction, with upper edge tension as the characteristic fea-
ture. For the double-curved arch bridge, the lateral defor-
mation of arch foot caused by excavation was very small,
and the tensile stress was within the elastic deformation
range of concrete. Only a lateral misalignment of
8.44 mm between the arch foot can lead to the upper edge
of some primary arch ring sections experiencing tensile
stress reaching 1.57 MPa.

(4) Lateral tilt

The tensile stress in Fig. 14 reveals the stress state of the
primary arch ring caused by lateral non-uniform settlement
of the arch foot. Although there is a certain degree of tor-
sion in the plane of the primary arch ring, the influence on
the load-bearing condition is the reverse bending state in
the longitudinal direction of the primary arch ring on the
side with settling arch foot. In particular, the tensile stress
on the lower edge of the primary arch ring, that close to the
settling arch foot is significantly higher. Based on the calcu-
lation results of the double-curved arch bridge, when the
lateral non-uniform settlement of an individual arch foot
reaches 7.54 mm, it will lead to tensile stress of the primary
arch ring on the settling side reaching the limit value of
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Fig. 15. Comparison of simulated value, observed value and limit value of additional deformation.
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1.57 MPa. In that case, it can be concluded that the pri-
mary load-bearing component experiences an unsafe
condition.

4.3 Comparative analysis of simulated, measured and limit
value

The stress values for various assessment sections were
obtained through a step-by-step loading calculation, taking
into account the results of the most adverse conditions
caused by foundation pit excavation and the tensile
strength of the bridge material. The limit values under
additional deformation conditions are proposed. The most
critical additional deformations of the double-curved arch
bridge piers under the simulated excavation conditions in
the first phase were summarized and compared with the
on-site monitoring values and limit values, as given in
Fig. 15.

Throughout the entire process of excavation for the
foundation pit, the deformations of the double-curved arch
bridge (both calculated and measured values) did not
exceed the limits. This indicates that the influence of the
adjacent excavation on the bridge remains within the safety
limits of the structure. And there is no apparent damage to
the double-curved arch bridge. By comparing with the
measured values, it was found that the simulated values
obtained in the first step of the two-stage simulation
method closely match the actual on-site conditions, with
a tolerance of 2.44 mm across four evaluation scenarios.
The precision of the method fully meets the engineering
requirements. Additionally, on-site measured data confirm
the validity and accuracy of the deformation limit values
proposed in the second step.

5 Conclusions

This paper analyzed the deformation characteristics of
the double-curved arch bridge under the influence of foun-
dation pit excavation using a two-stage simulation method.
Additionally, it proposed limit values for four additional
deformation modes of the foundation of the arch bridge.
The following conclusions can be drawn.

(1) In the first step, the excavation-induced soil displace-
ment was numerically analyzed, and the calculations
yielded favorable predictive results. These results pro-
vide additional displacement values for each arch
foot under three critical excavation conditions during
the foundation pit excavation process. It is evident
that the excavation of the foundation pit induces
adverse effects on nearby arch feet, including vertical
settlements, lateral tilt, longitudinal stretching, and
lateral displacement.

(2) In the second step, a refined model of the double-
curved arch bridge was built. The force states of the
arch bridge under three critical conditions caused
by the excavation of foundation pits were determined

and compared with the normal state. There is a max-
imum deflection in the span of the main arch ring,
while the bending moment in this position is small.
In addition, the excavation caused tensile stress in
the span of the main arch ring, which is not con-
ducive to the safety of the bridge structure.

(3) The additional displacement limits of arch foot under
four models are calculated. With the increase of dis-
placement, the local tensile stress of the bridge
reaches the design value of the tensile strength of
the concrete. In this analysis, the arch bridge shows
four different deformation models including the verti-
cal stretch, the transverse stretch, the portrait torsion
and the lateral torsion.

(4) A two-stage simulation method was developed and
verified through observed data of the displacement
of arch foot, preforming the advantages of fast calcu-
lation and low cost. The proposed method confirms
that the NYRB north double-curved arch bridge
remains in a safe state after the completion of adja-
cent foundation pit construction.
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