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Abstract

Defects in pipes adversely affect both the jacking construction process and long-term operational
safety, yet their specific impacts on mechanical properties remain unclear. This study investigates
pipe jacking segments under deflection, using the Changsha Meixi Lake project as a case study.
Similar model tests combined with digital image correlation were employed to examine the evolution
of stress and deformation under various deflection angles and defect conditions. The reliability of the
indoor test results is demonstrated using normalized parameters. The results indicate that stress
distribution characteristics are jointly determined by the deflection mode and load. Co-directional
deflection exhibits a more significant stress concentration effect; under identical load and angle
conditions, it results in higher stress levels due to a superposition effect, whereas diagonal deflection
shows a weakening effect. Joint deformation progresses through three distinct stages: an initial linear
strain-load relationship under stable deflection (load < 2 kN), followed by nonlinear strain growth
with a slowing de-formation rate (2-4 kN), and finally a slow linear strain increment (load > 4 kN).
In-creasing load and deflection angle significantly amplify axial deformation, particularly revealing
a “thick-in-the-middle, thin-at-the-sides” compression characteristic in the 45° vault zones.
Furthermore, segment defects markedly exacerbate stress non-uniformity. Defect angles >60°
substantially increase the frequency and amplitude of compressive stress in the vault, accelerate the
decay of tensile stress at the bottom, and critically reduce structural stability. These findings provide
significant insights for deflection control and structural safety assessment in pipe jacking
engineering.

Keywords: pipe jacking; model test; segment deflection; defect combination; deformation and dis-
placement; characteristic stress

1. Introduction

Pipe jacking segments often experience deflection due to factors such as over excavation during
construction, insufficient grouting, and significant axis deviation in soft-hard uneven composite
strata [1,2]. The presence of such deflection leads to eccentric compression at the joint, which
subsequently causes stress redistribution in the segment and stress concentration at the eccentric
compression location. Ultimately, this may induce issues such as segment cracking, spalling, water
leakage, and structural failure [3,4], all of which significantly reduce the safety and durability of the
pipeline. Therefore, in-depth research on the influence of deflection on segment de-formation and
displacement is of great significance for improving the design and construction quality of pipe
jacking projects.

Currently, some achievements have been made domestically and internationally regarding
tunnel deformation and stress problems. The main research methods include theoretical analysis [5-
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8], numerical analysis [9-11], and model tests [12-14]. In terms of theoretical calculation, Rohner et
al. [15] analyzed the stress calculation method for segment joints in the European standard and
concluded that the compression zone area, deflection angle, and segment length are key factors
affecting joint stress. Zhang et al. [16] proposed a method for describing the reasonable arch axis
based on the three-hinged arch theory, revealing the significant influence of pipe jacking burial depth
and soil internal friction angle on the vertical load. Ye et al. [17] proposed a jacking force calculation
method considering the thixotropy of slurry, which was based on the elastic theory of semi-infinite
space cylindrical hole expansion. In terms of numerical analysis, Zhang et al. [18] used ABAQUS to
simulate the influence of the pre-ceding pipe jacking on the jacking force of the subsequent pipe
jacking and found that the preceding pipe jacking amplifies the side friction resistance of the
subsequent pipe jacking. Huang [19] studied the influence of temperature changes on tunnel lining
using numerical methods and concluded that temperature changes can cause lining deflection. Liu
et al. [20] used numerical methods to study the construction process of steel pipe jacking and
observed that the peak stress of the segments gradually increases with the increase of the jacking
distance. Model testing, as a commonly used research method, can effectively highlight the main
contradictions and accurately capture the internal connections of phenomena [21-25]. Liu et al. [26]
studied the mechanical characteristics of concrete pipe jacking under deflection conditions through
indoor model tests and found that the maximum tensile stress appears at the vault of the segment
under a deflection angle of 1.5°. Liu et al. [27] obtained the internal force of the circumferential
reinforcement in pipe jacking through field monitoring and re-ported that the circumferential stress
of eccentrically compressed segments is con-trolled by the deflection angle and grouting pressure.
Zhen et al. [28] analyzed the buckling deformation characteristics of deflected steel pipe jacking
under jacking force through field tests on steel pipe jacking.

The aforementioned research provides a theoretical basis for the deformation analysis and stress
characteristics of tunnels. However, based on the above analysis, it can be seen that existing research
on segment stress mostly focuses on qualitative de-scription and lacks quantitative models.
Moreover, less attention has been paid to the issue of diagonal deflection in segments. Particularly,
the structural stress problem under segment defect conditions and defect combinations is seldom
addressed. Under different deflection types, the deflection modes of segments vary, and the
mechanical structural behavior becomes more complex, especially when segment defects are in-
volved. Due to the existence of rotation angles at the pipe jacking segment joint, stress concentration
is prone to occur, leading to failure problems such as cracking of the socket or spigot. The mechanical
properties of segments obtained under different failure modes differ significantly.

In view of this, this paper establishes similar segment models with 4 different de-flection angles
and 5 defect states. Using digital image correlation technology, it systematically analyzes the
characteristic stress and evolution characteristics of segments under deflection and compares the
distribution patterns of segment stress nephograms under different deflection angles. This paper is
structured as follows: Chapter 1 intro-duces the research background. Chapter 2 presents the project
overview. Chapter 3 describes the test setup and procedure. Chapter 4 elaborates on the test results
and discussion. Chapter 5 provides the summary and conclusions. The research results help to
understand the occurrence and response mechanism of pipe jacking deflection, thereby providing a
reference for pipe jacking construction and attitude control.

2. Project Overview

The construction area of the Changsha Meixi Lake pipe jacking project is located on YingRi Road,
Changsha City, in northern Hunan Province, China, as shown in Figure 1. The monitored section of
the pipe jacking has a drive length of 78 meters. The burial depth of the pipe jacking ranges from 6.49
to 6.79 meters. A single segment is 3.0 meters long.

The inner diameter of the segment is 1800 mm. The outer diameter of the segment is 2200 mm.
The wall thickness of the segment is 200 mm. The geological strata in the project area are complex
and interwoven.
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Figure 1. Plan and profile of the Meixi Lake sewage pipe jacking construction section.

The segments were manufactured using C35 ordinary Portland cement, which has a uniaxial
compressive strength of 23.4 MPa. Although the axial compressive strength of the segments is high,
cracking, defects and damage occurred on the outer wall of the segments during the initial jacking
stage. Shortly after the pipe jacking entered the composite stratum, damage problems appeared on
the inner wall of the segments, as shown in Figure 2. Preliminary field investigation concluded that
the morphological deflection of the pipeline during loading led to an increase in local stress within
the segments. Tensile or compressive stresses on the inner and outer walls of the pipeline exceeded
the design stress values. This ultimately led to spalling of the side walls. Therefore, research on the
stress response characteristics of segments under conditions of pipe jacking deflection and defects
was carried out.

Pipe section failure and defect

Pipe jacking segment

Cracking

Figure 2. Plan and profile of the Meixi Lake sewage pipe jacking construction section.

3. Test System and Scheme
3.1. Test Setup

Based on the actual field project, an indoor test system was designed. The indoor model test
system for pipe jacking is shown in Figure 3, which includes a model box, a loading system, a
measurement system, and a data processing system. The model box dimensions are: length x width
x height (1.6m x 0.85m x 0.75m). The top is open, and the sides have reserved holes for applying load
to the segments. The loading system includes loading plates, expansion cables, and a self-developed
load control machine. The measurement system includes strain gauges, dial indicators, a static strain
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instrument (DH3818Y), speckle standard points, high-speed cameras, etc. The data processing system
includes a Donghua strain recorder, an Ncorr system, etc. The load was set to 6 levels, with each level
increasing by 1 kN. Each load level was maintained steadily for 3 minutes. The load was applied to
the segments evenly and in steps.

Force Sensor Steel cables Capsldll Load controlling
Mxamns s w
| .
t
—
Stauc Strain

Strain gauge :
Dial gauge Measuring Instruments High-speed camera i

Reaction plate

Figure 3. Indoor deflection test system for pipe jacking.

To clarify the influence of the relative contact relationship between segments and the loading
conditions on the axial mechanical behavior of the pipe jacking, this paper designed indoor model
tests related to the pipe jacking deflection angle. The main physical quantities in the model tests
include geometric dimensions I, unit weight v, elastic modulus E, Poisson’s ratio p, deflection angle
¢, stress o, and strain e. The gravitational acceleration is the same for the model tests and the
prototype tests. Using dimensional analysis and the second theorem of similarity theory, the
relationships between the similarity ratios of each physical parameter were finally obtained as
follows: geometric similarity ratio Cl=10; unit weight similarity ratio Cy=1; similarity ratios for
Poisson’s ratio, strain, and deflection angle Cu=Ce=Cq=1; similarity ratios for elastic modulus and
stress CE=Co=10. Acrylic tubes were selected as the model material for the tests. The elastic modulus
of the acrylic tube segments, measured through indoor compression tests, is E = 2500 MPa.

3.2. Deflection Test Scheme
3.2.1. Segment Deflection Simulation Test

The segment deflection angle is simulated through the relative displacement between segments.
The distance between the jack and the socket end of the segment is I. The relative deflection angle of
the segments is ¢, the misalignment height of the jack is AH. The relationship between these three
parameters is shown in Formula (1).

AH=I sin(¢/2), @

In Formula (1): 1 is the distance from the segment socket end to the jack; AH is the jack thrust
distance; ¢ is the relative deflection angle of the segments.

3.2.2. Monitoring Point Layout

Five strain monitoring sections were arranged along the model axis, at the middle and ends of
the segments, as shown in Figure 4. The deformation monitoring point for Joint 1-2 is named DS1.
The deformation monitoring point for Joint 2-3 is named DS2. Inside the segment joint socket, two
monitoring sections were arranged along the circumference at 45° intervals. Each monitoring section
has a total of 8 measurement points. They are named clockwise from the vault as C1 to C8 and C9 to
C16. Three monitoring sections were arranged along the circumference at the middle of the segment
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at 45° intervals. Each section has 8 measurement points. They are named clockwise from the vault as
G1 to G8, G9 to G16, and G17 to G24.
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Figure 4. Monitoring point layout.

Strain gauges inside the test segments were arranged along the direction of the applied load.
They were connected to a static strain instrument. Axial strain during the jacking process was
collected in real-time. Segment stress was obtained through conversion. To better reflect the segment
deflection mode, three test segments were used in the model test to simulate pipe jacking deflection.
Two types of deflection modes were set in the test: diagonal deflection and co-directional deflection.
The load was applied to the socket end face of Segment #3. The test segments were installed
sequentially by spigot-and-socket joint. Deflection jacks were installed at the bottom or right side of
Segment #2 and Segment #3. This simulated the pipe jacking deflection phenomenon under complex
contact conditions. The applied deflection angles and load levels are shown in Table 1.

Table 1. Test condition settings for segment deflection.

Test

Condition Deflection Angle

Co- a 0.5 1.0 15 20 25 30
directional g 0.5~3.0 0530 0530 05-3.0 05-3.0 0.5~3.0
Deflection
Diagonal o 0.5 1.0 15 2.0 2.5 3.0
Deflection 0.5 1.0 15 20 25 30

3.3. Deformation Test Scheme

To study the deformation characteristics of pipe jacking joints, DIC and virtual extensometer
technology were used to analyze the surface strain field during the deformation process of pipe
jacking joints. This allows for a quantitative calculation and analysis of the non-uniform strain
response characteristics of the segment joints. DIC technology was used to analyze the real-time
strain field of the pipe jacking segments. The basic principle is as follows: a rectangular reference
subset of size (2M+1)x(2N+1) is selected with as the center point. The calculation formula is as shown
in Equations (2) to (3). The center point of the target subset is obtained by searching for the maximum
value of the correlation function. By comparing the positional changes of the image subsets before
and after deformation, the displacement and strain information of each point is obtained. The
calculation program used in this paper is Ncorr [29,30]. A virtual extensometer [31] is an optical

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.1108.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 October 2025 d0i:10.20944/preprints202510.1108.v1

6 of 21

measurement analysis method based on DIC technology. It calculates the deformation amount by
arranging symmetrical measurement points on both sides of a crack, as shown in Figure 5.

r _
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In the formula, 7/, i are the coordinates before deformation, and 7/, Y are the coordinates of

any point in the subset after deformation. 4%, represent the coordinate differences of any point

in the ¥ and * directions before and after deformation. ¥,V are the displacement components in the

shape parameter vector. Ou / Ox , Ou | Oy , Ov/0x and ov/Qy are the displacement gradients of Uand
Vin the ¥ and ¥ directions, respectively.

i Principles of
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Figure 5. Schematic diagram of DIC deformation.

After the segment is subjected to force, the deformation characteristics of the segment joints can
directly reflect the force-deformation behavior during the pipe jacking construction process.
Therefore, a quarter of the segment length was selected to conduct the segment joint deformation
test. First, a white primer was evenly sprayed on the outer wall of the segment. Then, a marker pen
was used to arrange speckles on the segment. Next, the segments were installed sequentially, and the
image capture device was set up for photography. Finally, DIC digital image technology was used to
process the test images.

3.4. Segment Defect Test Scheme

To investigate the influence of pipeline damage on the longitudinal mechanical behavior of the
structure, a segment defect test was designed and conducted, as shown in Figure 6. First, segments
were cut to create defects. The defect length was 5 cm. The defect width increased in increments of
15°. For single defects, the defect angles were 30°, 45°, 60° 75° and 90°. For double defect
combinations, the defect angle was set to 90°, combined with 30° 45°, 60°, 75°, and 90°. Then,
monitoring points were arranged and the segments were connected. Finally, graded loading was
applied to the defective segments, and stress testing was conducted to obtain the stress variations
under different working conditions.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Table 2. Test condition settings for segment deflection.
Test Defect
.t Angle/° .
Condition ngle Location
Single Defect
mee Letec 30 45 60 75 90 Vault
Angle
Combined o' 90 90 90 90 90 Vault &
Defect Angle 7 30 45 60 75 90 Bottom

4. Analysis of Test Results

4.1. Characteristics of Segment Stress and Deformation Fields

4.1.1. Co-directional Deflection and Axial Stress Response

The polar coordinate diagram of the segment joint under co-directional deflection is shown in

Figure 7. In the figure, a negative axial stress indicates the segment is under compression, while a

positive axial strain indicates the segment is under tension. Under co-directional deflection, the

pipeline exhibits significant horizontal eccentric compression and a relatively low vertical stress level.

As the deflection angle and load level increase, the axial stress also increases correspondingly. The

stress diagram shows a “horizontal cone” shape. When the deflection angle increases from 1.5° to 2°,

the stress on the far-left side increases abruptly. The reason for this phenomenon is the mutual

extrusion at the right joint of the segment after deflection and the direct action of the load on the joint

measurement points, which causes local compressive deformation.
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Figure 7. Axial stress distribution diagram at the mid-point of the pipe segment under co-directional deflection:
(a) 0°&0°,Segmentl#; (b) 0°&0°, Segment2#;.(c) 0°&0°,Segment 3#; (d) 1°&1°,Segment 1#; (e) 1°&1°, Segment 2#;
(f) 1°&1°, Segment 34;.(i) 2°&2°, Segment 14; (j) 2°&2,° Segment 24;.(k) 2°&2°, Segment 3#; (1) 3°&3°, Segment
14;.(m) 3°&3°, Segment 2#; (n) 3°&3°,Segment 34 .

4.1.2. Diagonal Deflection and Axial Stress Response

The variation law of axial stress at the mid-span of the segment under diagonal deflection is
shown in Figure 8. During the test, the diagonal deflection direction was set vertically. Under
diagonal deflection, sections 1-1 and 2-2 exhibited opposite stress concentration effects. Both were
symmetrically distributed along the 90°~270° axis. When the deflection angle was constant, the axial
stress increased with the load level. When the load level was constant, the axial stress increased with
the deflection angle. Specifically, the 45°~135° range of Segment #1 was the eccentric compression
zone.

The 225°~315° range of Segment #2 was the eccentric compression zone. The strain level in
Segment #2 was higher than that in Segment #1. The reason for this phenomenon is that after loading,
the restraint from the joint caused the deflection angle @12 between Segment #1 and Segment #2 to be
smaller than the deflection angle @23 between Segment #2 and Segment #3. Comparing the stress
conditions under the same load level, the stress level for diagonal deflection is less than that for co-
directional deflection. For example, when the deflection angle is 2° and the load is 6 kN, the
compressive stress under co-directional deflection at the 270° position of section 2-2 is 131.8% of that
under diagonal deflection. The compressive stress under co-directional deflection at the 315° position
of section 2-2 is 134% of that under diagonal deflection. It is speculated that the reason for this
phenomenon is that the deflection angles in co-directional deflection are on the same side, while in
diagonal deflection they are on opposite sides. At the 1-2 and 2-3 sections, the co-directional
deflection has two superimposed effects, whereas the diagonal deflection has mutually weakening
effects.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 8. Axial strain distribution diagram at the mid-point of the pipe segment under diagonal deflection: (a)1°
& 1° combination: Segment #1; (b) 1° & 1° combination: Segment #2;.(c) 1° & 1° combination: Segment #3; (d) 2°
& 2° combination: Segment #1; (e) 2° & 2° combination: Segment #2; (f) 2° & 2° combination: Segment #3;.(i) 3°
& 3° combination: Segment #1; (j)3° & 3° combination: Segment #2;.(k) 3° & 3° combination: Segment #3.

4.2. Joint Deformation Characteristics

To obtain the deformation law of the pipeline joint, DIC was used to investigate the deformation
law of the segment joint after deflection. The deformation stages of the segment deflection angle
during the loading process are shown in Figure 9. Observation revealed that the preset deflection
angle gradually decreased as the load level increased during loading. To clarify the influence of the
decreasing deflection angle on segment stress during loading, the axial deformation at the midpoint
of the compression zone of the Segment #2 joint was selected for analysis. As the load level increased,
the segment deformation rate initially increased and then tended to stabilize. As shown in Figure 9,
as the load level increases, the contact pressure at the vault of the joint continuously increases, leading
to an increase in deformation strain. In the initial stage (load < 2 kN), the segment deflection angle
does not change, and the strain increment is linearly related to the load. In the deflection angle change
stage (load < 4 kN), the rate of strain increase slows down, and the strain increment exhibits more
nonlinear deformation. When entering the slow growth stage (load > 4 kN), the strain increment
slowly increases linearly with the load.

The cloud diagram of the deformation displacement field distribution of the segment joint is
shown in Figure 10. Taking the midpoint of the segment joint gap as the coordinate origin and the
loading direction as the positive direction, compression deformation of the segment is negative and
elongation is positive. The stress nephograms at the loading stages of 1 kN, 3 kN, and 6 kN for
deflection angles of 0.5°~2° were selected for analysis. The overall axial deformation of the joint
increases with the load level and deflection angle. In the diagram, significant compression

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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deformation occurs in the vault left and right 45° areas of the segment joint. The deformation
nephogram of this area in the horizontal direction shows a characteristic of being “thick in the middle
and thin on both sides”. When the deflection angles are 0.5° and 1°, an increase in load level does not
change the stress distribution of the joint. When the deflection angles are 1.5° and 2°, an increase in
load level reduces the stress difference between the segment joints. Taking a deflection angle of 0.5°
as an example, as the load increases, the compressive stress distribution at the joint does not change
significantly, but the displacement degree intensifies. The maximum deformation value and the
strain change gradient both increase, and the radiation area of strain concentration expands. When
the deflection angle is 0.5° and the jacking force is 6 kN, the force transmission from the end of
Segment #2 to the end of Segment #1 causes its average axial strain to decay by 72.6%. When the
deflection angle is 2° and the jacking force is 6 kN, the axial strain decay from the end of Segment #2
to the end of Segment #1 is only 36%. This shows that the increase in the deflection angle changes the

contact mode of the joint, and the force transmission path at the vault of the joint becomes more
significant.
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Figure 9. Strain curve at the midpoint of the vault compression zone.
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4.3. Axial Stress Response Induced by Defects
4.3.1. Mechanical Characteristics under Single Defect Conditions

Under the condition of no defect in the segment, as shown in Figures 11 (a) and (b), an axial
uniformly distributed load is applied. The entire segment is under compression. As the load
gradually increases, the segment strain increases in a step-like pattern. From the perspective of vault
stress (curves U-1, U-4, U-8, U-12, U-16, U-20, U-22), the overall stress is predominantly compressive,
with mostly negative strain values. As the load increases from 1 kN to 6 kN, the absolute value of the
compressive stress shows a significant upward trend. In the initial loading stage (small distance/time
step range), the stress exhibits some fluctuations but gradually stabilizes as the distance increases.
The stress stratification corresponding to different loads is clear: the greater the load, the higher the
compressive stress level at the vault. The vault stress distribution appears relatively gentle overall,
showing a compressive state with a strain peak at point 20. The bottom stress (curves D-1, D-4, D-8,
D-12, D-16, D-20, D-22) also increases with the load, but the increase is not as significant as the load
level rises. D-22 shows a trend of first increasing, then decreasing, and then increasing again,
exhibiting an alternation between tensile and compressive stress.

With a 30° defect at the bottom, as shown in Figures 11 (c) and (d), the vault stress remains
predominantly compressive with mostly negative strain values. However, compared to the 0° defect
condition, under the same load level, the absolute value of the compressive stress decreases, and the
stress distribution becomes less uniform, showing more pronounced local fluctuations. As the load
increases from 1 kN to 6 kN, the absolute value of the compressive stress shows an increasing trend,
but under larger loads (e.g., 5 kN, 6 kN), the fluctuation range expands. This indicates that the 30°
defect disturbs the transmission and distribution of the vault compressive stress. Tensile stress
appears at the bottom. Compared to the 0° defect, the 30° defect alters the growth rate and
distribution pattern of the bottom tensile stress, exhibiting more significant non-uniformity under
load. Particularly when the load reaches a certain level (e.g., 6 kN), the D-22 curve shows an abrupt
stress change, indicating that the 30° defect reduces the stability of the bottom stress and increases
the risk of stress concentration.
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With a 45° defect at the bottom, as shown in Figures 11 (e) and (f), the distribution of vault
compressive stress exhibits more complex variations compared to the 0° and 30° defect conditions.
As the load increases from 1 kN to 6 kN, the absolute value of the compressive stress increases
significantly. Within specific distance intervals, obvious stress peaks appear (e.g., near a distance of
about 40 cm, the stress curves under various loads show prominent peaks). This indicates that the
45° defect alters the transmission path of the vault compressive stress, making the local stress
concentration more significant. Compared to the 0° and 30° defects, the 45° defect accelerates the
decay rate of the bottom tensile stress. As the distance increases, the absolute value of the tensile
stress shows a rapid decreasing trend, which is more pronounced under larger loads (e.g., 6 kN). This
reflects that the 45° defect significantly weakens the bearing capacity against tensile stress at the
bottom, further reducing its stability.

With a 60° defect at the bottom, as shown in Figures 11 (i) and (j), the distribution and variation
trend of the vault compressive stress differ significantly from the 45° defect condition. As the load
increases from 1 kN to 6 kN, the absolute value of the compressive stress continues to increase. In the
distance range of approximately 20-40 cm, stress peaks occur more frequently and with higher
amplitudes (e.g., under a 6 kN load, the stress peak is close to 10 MPa). This indicates that the 60°
defect further alters the transmission path of the vault compressive stress, making the local stress
concentration more prominent and intensifying the degree of compression at the vault. Compared to
the 45° defect, the 60° defect makes the distribution of the bottom tensile stress more dispersed, and
the overall level of tensile stress further decreases. As the distance increases, the tensile stress shows
a continuous decreasing trend. Under larger loads (e.g., 6 kN), some curves even show signs of tensile
stress transitioning to compressive stress. This reflects that the 60° defect further weakens the tensile
stress bearing capacity at the bottom, substantially decreasing its stability.

With a 75° defect at the bottom, as shown in Figures 11 (k) and (1), the uniformity of the vault
compressive stress distribution is further reduced, and the range of stress fluctuations is larger
compared to the 60° defect condition. As the load increases from 1 kN to 6 kN, the absolute value of
the compressive stress continues to increase. In the initial loading stage, more significant abrupt stress
changes occur (e.g., in the initial distance segment, the stress curves show obvious drops and
recoveries). This indicates that the 75° defect causes stronger disturbance to the transmission of the
vault compressive stress, with local stress concentration and fluctuation effects superimposed,
significantly reducing the stability of the vault stress. Compared to the 60° defect, the 75° defect
intensifies the decay trend of the bottom tensile stress. As the distance increases, the absolute value
of the tensile stress decreases rapidly. Under larger loads (e.g., 6 kN), the tensile stress almost
approaches zero, with compressive stress appearing in some areas. This reflects that the 75° defect
has a very significant weakening effect on the tensile stress bearing capacity; the bottom can hardly
effectively bear tensile stress, and the stress state is extremely unstable.

With a 90° defect at the bottom, as shown in Figures 11 (m) and (n), the distribution of the vault
compressive stress shows extreme non-uniformity, with stress fluctuations and concentration
phenomena reaching a considerable degree compared to the 75° defect condition. As the load
increases from 1 kN to 6 kN, the absolute value of the compressive stress continues to increase. In the
distance range of approximately 40-60 cm, extremely prominent stress peaks appear. This indicates
that the 90° defect fundamentally changes the transmission path of the vault compressive stress. The
local stress concentration is extremely significant, and the degree of compressive stress concentration
at the vault already poses a serious threat to structural safety. The situation of the bottom stress is
completely different from previous defect conditions where tensile stress was dominant. As the load
increases from 1 kN to 6 kN, the absolute value of the bottom compressive stress increases
significantly. Near a distance of about 20 cm under the 6 kN load, a clear compressive stress peak of
-40 MPa appears. This reflects that the 90° defect fundamentally alters the nature of the stress at the
bottom. For example, the stress at position D-4 transitions from being compressive stress-dominated
to tensile stress-dominated. The stress state at the bottom is completely unbalanced, and the stability
and rationality of the structural stress are severely compromised.
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Figure 11. Mechanical characteristics of the segment structure under single defect conditions: (a) Vault stress of
segment #2 with 0° defect; (b) Bottom stress of segment #2 with 0° defect; (c) Vault stress of segment #2 with
bottom 30° defect; (d) Bottom stress of segment #2 with bottom 30° defect; (e) Vault stress of segment #2 with
bottom 45° defect; (f) Bottom stress of segment #2 with bottom 45° defect; (i) Vault stress of segment #2 with
bottom 60° defect; (j) Bottom stress of segment #2 with bottom 60° defect; (k) Vault stress of segment #2 with
bottom 75° defect; (1) Bottom stress of segment #2 with bottom 75° defect; (m) Vault stress of segment #2 with
bottom 90° defect; (n) Bottom stress of segment #2 with bottom 90° defect.

4.3.2. Mechanical Characteristics of Segments Under Combined Vault and Bottom Defects

The structural variation characteristics under the combined 90° bottom and 30° vault defects are
shown in Figures 12 (a) and (b). For the vault stress of segment #2, the strain at different positions
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exhibits phase variations with the time step, fluctuating within a certain range. The variation trends
and amplitudes differ among the curves. The stress distribution along the segment length is relatively
uniform, with peak stresses occurring at 15 cm and 55 cm from the interface. The bottom strain-time
step curve of segment #2 shows that the strain at positions D-1 and D-4 also displays phase
characteristics. Compared to the vault, the bottom stress exhibits a more regular symmetrical
distribution. At this time, position D-8 remains unaffected by the load, in a zero-stress state during
loading. The maximum tensile stress occurs 40 cm from the segment interface, reaching 3.5 MPa.

The structural responses under the combined 90° bottom and 45° vault defects are shown in
Figures 12 (c) and (d). Under this defect combination, the strain and stress responses at the vault and
bottom of segment #2 exhibit specific patterns. The vault strain shows distinct phase variations with
the time step, and the strain curves at different monitoring positions (e.g.,, U-1, U-4) differ
significantly, reflecting the complexity of the structural mechanical behavior. The embedded stress-
distance subplot indicates that the stress distribution along the segment length varies under different
loads (1 kN, 2 kN, etc.). As the load increases, the stress variation amplitude becomes more
significant, demonstrating the sensitivity of the vault’s stress response to the load. The combination
of defects also results in a non-uniform stress distribution. The bottom strain of the segment also
changes in phases with the time step; however, its value range and variation trend differ from those
at the vault, indicating a different deformation mechanism due to its position and interaction with
the defects. The stress-distance subplot shows a unique bottom stress distribution under different
loads, with significant stress peaks at specific distances, which is closely related to the combined effect
of the defects and the load.

The structural responses under the combined 90° bottom and 60° vault defects are shown in
Figures 12 (e) and (f). The vault strain of segment #2 exhibits phase variations with the time step, with
significant differences at various positions. The diverse shapes of the strain curves (e.g., U-1, U-4)
reflect the complexity of the mechanical state at the vault. The stress-distance subplot shows that the
stress distribution along the segment length varies with the load (1 kN, 2 kN, etc.). Increased load
intensifies the changes in stress peaks and valleys, indicating the sensitivity of the vault’s stress
response. The combination of a 60° vault and a 90° bottom defect leads to prominent stress non-
uniformity. The bottom strain also changes in phases, but its value range and variation trend are
distinctly different from the vault’s, reflecting a different deformation mechanism influenced by its
position and interaction with the defects. The stress-distance subplot reveals a unique bottom stress
distribution under different loads, with significant stress peaks in specific intervals, resulting from
the combined action of the defects and the load.

The structural responses under the combined 90° bottom and 75° vault defects are shown in
Figures 12 (i) and (j). Under this condition, the vault strain of segment #2 shows distinct phase
variations and significant differences across monitoring positions (e.g., U-1, U-4) as the time step
increases, reflecting a complex mechanical state. The stress-distance subplot indicates that the stress
distribution along the segment length differs considerably under different loads (1 kN, 2 kN, etc.).
Stress peaks and valleys change more intensely with increasing load, highlighting the high sensitivity
of the vault’s structural stress response. The combination of defects causes more intense stress non-
uniformity. The bottom strain also exhibits phase variations, but its value range and trend are
distinctly different from the vault’s, demonstrating a significantly different deformation mechanism
due to its position and interaction with the defects.

The structural responses under the combined 90° bottom and 90° vault defects are shown in
Figures 12 (k) and (1). When both the bottom and vault have 90° defects, the mechanical response of
segment #2 exhibits unique patterns. The vault strain shows obvious phase variations and significant
differences across positions (e.g., U-1, U-4) as the time step increases. The strain curves have various
shapes, fluctuating within a certain range with large amplitudes at some positions, reflecting the
complexity of the mechanical behavior under this symmetric defect combination. The stress-distance
subplot shows that the stress distribution along the segment length differs significantly under
different loads (1 kN, 2 kN, etc.). Stress fluctuations and changes become more pronounced with
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increasing load, indicating that the vault’s stress response is extremely sensitive to the load
magnitude. The dual 90° defects result in a unique non-uniform stress distribution, with quite
prominent fluctuations and changes in specific distance intervals. The bottom strain also changes in
phases, but its value range and variation trend are distinctly different from the vault’s, reflecting a
significantly different deformation mechanism due to its position, interaction with defects, and
differences in load transfer paths. The stress-distance subplot shows a unique bottom stress
distribution under different loads, with significant stress peaks in specific intervals. As the load
increases, the peak amplitude and distribution pattern of the stress continuously change, indicating
that the stress bearing and transfer characteristics of the bottom structure under this defect
combination are relatively complex.
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Figure 12. Mechanical characteristics of the segment structure under combined defect conditions: (a) Vault stress
of segment #2 with bottom 90° & vault 30° defects; (b) Bottom stress of segment #2 with bottom 90°& vault 30°
defects; (c) Vault stress of segment #2 with bottom 90° & vault 45° defects; (d) Bottom stress of segment #2 with
bottom 90°& vault45° defects; (e) Vault stress of segment #2 with bottom 90° & vault 60° defects; (f) Bottom stress
of segment #2 with bottom 90°& vault 60° defects; (i) Vault stress of segment #2 with bottom 90° & vault 75°
defects; (j) Bottom stress of segment #2 with bottom 90°& vault 75° defects; (k) Vault stress of segment #2 with
bottom 90° & vault 90° defects; (1) Bottom stress of segment #2 with bottom 90°& vault 90° defects.

5. Discussion

The typical stress characteristic curve is shown in Figure 13. From the perspective of stress
changes, the stresses at different monitoring locations exhibit complex spatiotemporal similarity
variation characteristics. For example, the stress at the top location reached -10.18 MPa during the
initial construction period (approximately 10.0 days), and subsequently exhibited stress peaks at
different time points (such as 13.5 days, 17.0 days, 20.5 days, etc.), among which around 13.5 days the
stress dropped to -13.12 MPa, after which it fluctuated and recovered; the stress at the right-1 location
also showed significant fluctuations at different time points, such as approximately 1.35 MPa around
12 days and 2.31 MPa around 17 days.
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Figure 13. The typical stress characteristic curve on monitoring.

To compare the differences in stress response between field test results and laboratory test
results, denormalization (Equation 4) analysis was adopted to reflect the variations of the test results
and laboratory tests with load levels.

J
o=—-,
1o )

In the formula, 7 is the load level, 4 is the cross-sectional area of pipe,  is the stress level.

The analysis of normalization results is shown in Figure 14. The normalization values range from
-1to 2.5. The normalized values of the monitoring results exhibit significant fluctuations. This reflects
the complexity of field testing and the diversity of influencing factors. Both co-directional deflection
and diagonal deflection remain in a relatively stable state. Their variation range is small. This to some
extent reflects the reliability and repeatability of the processed laboratory test results. However, the
development trends of diagonal deflection and co-directional deflection differ. Diagonal deflection
tends to approach zero as the deflection angle increases. In contrast, co-directional deflection shows
a trend of moving away from zero. This indicates that more stringent control methods should be
adopted after the occurrence of co-directional deflection. This avoids the expansion of this unstable
trend.
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Figure 14. Normalized Analysis of Results.

6. Conclusions

A simplified indoor model test was conducted to address the issues of pipe jacking deflection
and defects. The influence of segment deflection and segment defects on the structural mechanical
characteristics was investigated. The main research conclusions are as follows:

(1) The stress distribution in segments is governed by the combined effect of deflection mode
and jacking force, with more pronounced stress concentration under co-directional deflection.
Segment stress response strongly correlates with deflection mode, angle, and load magnitude. Co-
directional deflection induces a horizontal cone-shaped stress distribution with notable eccentric
compression, whereas diagonal deflection generates symmetric stress concentrations along the 90°-
270° axis. Co-directional deflection yields higher stress due to effect superposition at sections 1-2 and
2-3, unlike the weakening effect under diagonal deflection.

(2) Segment joint deformation exhibits a three-stage evolution under loading, modulated by
deflection angle and load. DIC and virtual extensometer data reveal: initial linear strain-load relation
below 2 kN; nonlinear strain growth from 2—-4 kN with slowed deformation; and post-4 kN linear but
slow strain increase. Increased load and deflection angle amplify axial joint deformation, producing
a “thick-middle, thin-edge” compression profile near the vault. Deflection angle critically influences
force transfer efficiency.

(3) Segment defects—single or combined —aggravate stress non-uniformity, with defect angle
and configuration dictating the stress state and stability. Single defects reduce vault stress uniformity
and intensify local stress fluctuations and concentrations. For defect angles 260°, vault compressive
peaks rise sharply and tensile stress at the bottom decays rapidly, impairing stability. Combined
defects involving 90° bottom and varying vault angles produce distinct stress patterns; vault defects
245° exacerbate stress non-uniformity and peak-valley divergence across loads.

This study focused on segment behavior under deflection without considering soil-structure
interaction. Future work should address structural performance under geotechnical-structural
coupling.
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