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Abstract

Optimizing shield tunnel joints is essential to meet the evolving demands of modern construction, where balancing structural perfor-
mance, environmental impact, and cost efficiency is increasingly important. Traditional cast iron joint (CLJ) has been widely used, but
there remains significant room for improvement in terms of both their mechanical efficiency and sustainability. This study addresses these
challenges by investigating two alternative designs: the single row sleeve joint (SRSJ) and the double row sleeve joint (DRSJ). The
research focuses on evaluating their mechanical performance and potential to reduce carbon emissions and costs, offering a more com-
prehensive and future-forward solution compared to the traditional CIJ. Through experimental testing, key performance factors such as
joint deflection, rotational angle, concrete strain, and bolt strain were analyzed alongside joint toughness, ductility, cracking patterns,
embodied carbon, and material cost. Key findings revealed that SRSJ achieved 97% of CIJ’s ultimate bearing capacity, while DRSJ
reached only 75%. In the elastic phase, SRSJ performed significantly better, supporting twice the load of C1J. Bolt strain analysis showed
that DRSJ experienced greater stress concentration, while SRSJ maintained balanced strain distribution. SRSJ also outperformed CIJ
and DRSJ in toughness and ductility, particularly in rotational flexibility, exceeding CIJ by 76%. SRSJ and DRSJ all demonstrated lower
embodied carbon and costs compared to CIJ, with reductions of up to 7.21% in emissions and 6.42% in costs. Overall, SRSJ emerged as a
viable alternative, balancing mechanical performance, sustainability, and cost efficiency. In contrast, DRSJ’s stress concentration issues
limited its effectiveness, making it less advantageous compared to CIJ.

Keywords: Joint optimization; Shield tunnel; Structural performance; Sustainability

1 Introduction

Shield tunnels are crucial to modern infrastructure,
especially in urban transportation and underground utility
networks (Ouyang et al., 2024; Xu et al., 2024; C. Zhang
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et al., 2024). With accelerating urbanization, there is a
growing demand for tunnel systems that are reliable and
durable. A fundamental component of shield tunnels is
the segmental joint, which connects tunnel segments to
ensure structural stability and durability. These joints are
designed to withstand high loads and maintain alignment
between segments, directly influencing the tunnel system’s
performance. However, these joints are susceptible to fail-
ures such as cracking, joint opening, and deformation
under prolonged stress or improper alignment, potentially
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compromising the structural integrity of the tunnel (Saleh
et al., 2024; Y. Zhang et al., 2024; Z. Zhang et al., 2024b).

Segmental joints in shield tunnels are typically con-
structed from materials like cast iron, steel, and various
reinforced composites, each offering distinct benefits and
limitations. Cast iron joint (CIJ), for instance, has tradi-
tionally been the industry standard, known for its strength
and durability (Al-Mansour et al., 2019; Alani et al., 2024;
Cheng et al., 2024; Li et al., 2014; Lopez et al., 2023). How-
ever, C1J presents certain drawbacks, including high mate-
rial costs and substantial environmental impact due to the
energy-intensive production process. Additionally, CIJ has
high embodied carbon, defined as the total greenhouse gas
emissions from material extraction to manufacturing and
construction, which adds to its environmental burden.
CIJ is also heavy and challenging to handle, potentially
slowing down construction and increasing labor costs,
making them less economically viable in fast-paced con-
struction environments (Marques et al., 2019; Tsiampousi
et al., 2017; Unal et al., 2024).

The growing emphasis on environmental sustainability
and economic efficiency in construction has driven the
search for alternative joint designs and materials that can
balance structural integrity with low-carbon objectives
and cost-effectiveness. Governments, contractors, and
stakeholders are prioritizing solutions that reduce carbon
emissions while maintaining performance standards (Al-
Mansour et al., 2019; Alani et al., 2024; Cheng et al.,
2024). Projects also face pressure to reduce costs and accel-
erate timelines without compromising safety or quality
(Liew et al., 2017; Sivakrishna et al., 2020). Meeting these
competing demands in shield tunnel joint design requires
solutions that fulfill the criteria of high performance, low-
carbon emissions, and economic efficiency (Lombardi
et al., 2023; Rodriguez & Pérez, 2021; Song et al., 2024;
Zhang et al., 2018).

In response, this study explores two new segment joint
designs that incorporate efficient material distribution
and alternative materials to reduce embodied carbon com-
pared to CIJ. These designs aim to address the issues of
cost, sustainability, and load-bearing performance essential
for modern construction standards. While CIJ has been a
reliable choice historically, the need for environmentally
friendly and efficient practices underscores the importance
of optimizing shield tunnel joints to meet the complex
requirements of today’s infrastructure projects. The poten-
tial exists to enhance material efficiency, lower carbon
emissions, and streamline construction processes without
sacrificing the necessary structural integrity of the tunnel
(Assaad, 2024; Chen et al., 2024; Migunthanna et al.,
2024; Z. Zhang et al., 2024a).

The main objective of this research is to optimize shield
tunnel joints by balancing structural performance, environ-
mental sustainability, and economic viability. This study
compares CIJ with two new joint designs, focusing on per-
formance metrics such as load-bearing capacity, rotational

flexibility, deflection, and crack resistance. Experimental
testing evaluates the behavior of each joint type under typ-
ical tunnel loading conditions. Additionally, the study
assesses the embodied carbon and cost efficiency of each
joint design, providing a comprehensive view of their sus-
tainability and economic benefits.

The paper is organized as follows: The experimental
results section discusses joint deflection, joint opening,
rotational angle, concrete strain, and bolt strain for the
three joint types. A subsequent discussion examines joint
toughness, ductility, cracking patterns, and sustainability
aspects. The paper concludes with key insights and recom-
mendations for optimizing future tunnel joint designs to
meet modern construction demands.

2 Experimental preparation
2.1 Joint design

Figure I illustrates the dimensional characteristics of the
ClJ, single row sleeve joint (SRSJ), and double row sleeve
joint (DRSJ), which reflect their distinct design philoso-
phies and intended applications in shield tunnel construc-
tion, with notable differences in weight that highlight
their material efficiency and suitability for various load
conditions. The CIJ, with its traditional and robust design,
features a substantial width of approximately 35.78 mm
and a height of 28.78 mm. Its significant cross-sectional
thickness, particularly around the anchoring points, under-
scores its high capacity for load-bearing and resistance to
deformation, making it ideal for heavy-duty applications
where durability is paramount. However, this robust con-
struction results in a considerable weight of 31.86 kg, which
complicates installation and increases material costs.

In contrast, the single row sleeve joint adopts a more
streamlined approach, with dimensions of 458 mm in
length and 144 mm in width, significantly reducing material
usage and resulting in a weight of only 9.96 kg. This repre-
sents a weight reduction of approximately 68.7% compared
to the CIJ. This substantial decrease in weight simplifies
handling and installation, and it improves material effi-
ciency without compromising the joint’s ability to provide
adequate support in moderate load scenarios. The elon-
gated form and thinner walls indicate a focus on optimizing
material distribution to achieve sufficient structural integ-
rity while minimizing unnecessary bulk.

The DRSJ, while maintaining similar overall dimensions
to the single row version, introduces a dual-row configura-
tion intended to enhance stress distribution across the
joint. Despite this additional complexity, the DRSJ weighs
just 9.12 kg, making it the lightest among the three. This
represents a reduction in weight of about 71.4% compared
to the CI1J. The slight reduction in thickness in certain areas
may limit its strength under very high loads, suggesting the
need for further testing to validate its load-bearing capabil-
ities fully. However, the weight savings and the improved


move_f0005

414 M. Cai et al. | Underground Space 26 (2026) 412-434

Anchoring_bar

f,/ |

Front view S.d&m
24.44 Anchoring bar
1
Anchoring b
oo H H nchoring bar o
~ &
N
) (]
N
o9
3578 L o%n
Top view 1-1_cross—section
(a)
" 458 . 144
1 1
2] i ) g
Front view A side view
5 458 5
T i
3| 4 IS
Top view 1=1 across section
(b)
) 458 , 144
1 1
{[ Dol @ 9
Front view A side view
1 458 -
1 1 S——
3 4 8 ﬂ
T_gvnew
Top view 1-1 across section

(©

Fig. 1. Dimensions of shield tunnel joints. (a) Cast iron joint, (b) single row sleeve joint, and (c) double row sleeve joint. (Unit: mm)
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potential for stress distribution highlight the careful bal-
ance between size, weight, and structural performance.
Overall, these joints demonstrate the trade-offs between
strength, material efficiency, and application-specific per-
formance, with the weight differences illustrating the signif-
icant advancements in design efficiency and construction
feasibility.

2.2 Material preparation

The mixture proportions for all three joint types were
kept consistent to ensure that any differences in perfor-
mance were attributed to the joint type rather than varia-
tions in the concrete mixture. The mixture proportions
are detailed in Table 1. For each joint type, the mix con-
sisted of cement, water, fly ash, slag, fine sand, coarse
aggregate, and admixtures in consistent ratios. Specifically,
the mass ratio of cement to water was set at 1:0.38, with fly
ash and slag each comprising 13% of the cement content.
Fine sand and coarse aggregate were added at proportions
of 2.04 and 3.06 times the cement content, respectively. A
small percentage of admixture (0.02) was included to
enhance the concrete’s workability. The joint types, being
the primary variable, were cast iron for the CIJ, a single
row sleeve for the SRSJ, and a double row sleeve for the
DRSJ.

2.3 Segmental preparation

Figure 2 provides a comprehensive overview of the con-
struction stages involved in the fabrication of shield tunnel
joints, illustrating the critical steps from initial mold setup
to the final curing of the concrete. The sequence began with
mold preparation and surface treatment (Fig. 2(a)), ensur-
ing that the mold was properly conditioned for the subse-
quent steps. The positioning of the CIJ and rebar (Fig. 2
(b)) was crucial for establishing the structural integrity
required for the tunnel joints. This was followed by the
placement of the SRSJ with rebar (Fig. 2(c)) and the assem-
bly of the DRSJ with rebar (Fig. 2(d)). All three joint types
were cast from iron. The concrete was subsequently poured
around them to form the segmental units needed for load
testing, as shown in later stages of Fig. 2. This pouring pro-
cess (Fig. 2(e)) ensured even distribution and compaction
within the mold. After the initial setting of the concrete,
steam curing (Fig. 2(f)) was applied to accelerate hardening
and improve material properties. Once the concrete had

set, the formwork was removed (Fig. 2(g)), revealing the
partially finished joint segment. The final stage involved
outdoor curing of the concrete (Fig. 2(h)), allowing the
joint segment to achieve the desired strength and durability
through natural curing.

2.4 Experimental set up

Figure 3 illustrates the detailed experimental setup used
to evaluate the structural performance of shield tunnel seg-
ment joints. The test was conducted with a comprehensive
system designed to simulate real-world tunnel conditions,
enabling accurate measurements of various factors influ-
encing joint behavior under load. The setup included a
loading system that applied a controlled vertical force to
the segment joint, simulating the compressive loads experi-
enced in actual tunnels. The bending test loading points
were spaced 80 cm apart to replicate actual bending stress
conditions on the tunnel segments. This load was applied
incrementally, with the data acquisition system capturing
measurements at a frequency of once per second to ensure
detailed tracking of joint response throughout each load
increment. A control system regulated the load application
to maintain consistency. To monitor material strain as the
load increased, concrete strain gauges were strategically
attached to the concrete surface, providing insights into
stress distribution around the joint. Linear variable differ-
ential transformers (LVDTs) were used to measure key
deformations: one LVDT tracked joint opening, and
another recorded deflection. Additionally, bolt strain
gauges were placed on high-strength bolts at critical points,
measuring stress on the bolts connecting the segment and
contributing to a complete assessment of joint
performance.

Figure 4 shows the layout of measurement points and
loading point. Concrete strain gauges were placed on the
lower surface of the specimen (MD-1 to MD-6), while bolt
strain gauges (BS1 to BS8) were positioned on the bolts.
LVDTs were mounted at strategic points (LO-1, LO-2,
UO-1, UO-2, and LVDT 1 to 6) to measure both joint
opening and deflection. The loading points were applied
symmetrically across the specimen, as shown in Fig. 5(b),
ensuring a balanced distribution of load. By monitoring
joint opening, deflection, concrete strain, and bolt strain,
the system enables a thorough analysis of the structural
integrity and load-bearing capacity of the tested joints,
contributing to a better understanding of their behavior
under high loads.

Table 1

Mixture proportion.

Joint type Cement Water Fly ash Slag Fine sand Coarse aggregate Admixture
Cast iron joint 1.00 0.38 0.13 0.13 2.04 3.06 0.02
Single row sleeve joint 1.00 0.38 0.13 0.13 2.04 3.06 0.02
Double row sleeve joint 1.00 0.38 0.13 0.13 2.04 3.06 0.02
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Fig. 2. Construction stages of shield tunnel joints: (a) mold setup and surface preparation, (b) placement of CIJ and rebar, (c) placement of SRSJ with
rebar, (d) assembly of DRSJ and rebar, (e) concrete pouring operation, (f) steam curing after initial set, (g) formwork removal process, and (h) final curing
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3 Experimental results

Figure 5 illustrates the global response of the three dif-
ferent joint types (CIJ, SRSJ, and DRSJ) under various
load conditions, focusing on bearing capacity, deflection,
joint opening, and joint rotational angle. The data pre-
sented covers the three key phases of the joint’s behavior:
elastic phase (F,), plastic stable phase (Fp), and plastic
accelerated phase (Fp,p). These phases were identified
based on the load-joint deflection and load-joint rotation
curves observed during testing. Specifically, the elastic
phase was defined as the stage where deformation occurs
without any cracking, maintaining an approximately linear
relationship between load and joint deflection/rotation.
The plastic stable phase was marked by the initiation of

cracking, with crack development progressing at a steady
rate and showing minimal increases in joint deflection
despite increasing load. Finally, the plastic accelerated
phase was identified as the point where joint deflection or
rotation began to increase rapidly with additional load,
accompanied by an accelerated rate of crack growth, sig-
naling significant plastic deformation. In the elastic phase,
SRSJ reaches about 200% of the bearing capacity of CIJ,
while DRSJ achieves 123%. In the plastic stable phase,
SRSJ achieves approximately 114% of CIJ’s capacity,
and DRSJ reaches about 96%. Finally, in the plastic accel-
erated phase, SRSJ achieves around 97% of the CI1J capac-
ity, while DRSJ is notably lower, at about 75%. These
comparisons demonstrate that while SRSJ performs com-
parably to CIJ, DRSJ shows a significant reduction in
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the plastic accelerated phase, reflecting its lower load-
bearing capacity. These preliminary observations highlight
the varying structural responses between the joint types,
suggesting different applications and performance charac-
teristics. Detailed analysis of each parameter is provided
in the subsequent sections.

3.1 Joint deflection
Figures 6-8 illustrate the relationships between load and

deflection and the increments in deflection under increasing
load conditions (Cai et al., 2024a, 2024b). Deflection incre-

ments here represent the increase in deflection correspond-
ing to every 10 kN increment in load. Figure 6(a) shows the
load—deflection relationship for the CIJ, revealing a three-
stage behavior under increasing load: elastic phase, plastic
stable phase, and plastic accelerated phase. The circled
numbers correspond to the three phases of joint behavior.
These markings help to visually indicate the points in the
load—deflection and load-rotation curves where each phase
occurs, providing a clear reference to the progression of
joint behavior under load conditions. The elastic phase
extended from 0 to 130 kN, corresponding to a deflection
of 1.90 mm. This was followed by a stable plastic phase
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corresponds to the plastic stable phase; F,,, corresponds to the plastic accelerated phase.

extending from 130 to 710 kN, with a deflection of
8.44 mm. Finally, the plastic accelerated phase began at
710 kN and peaked at a load of 1 116 kN, with a deflection
of 20.07 mm. The lengths of these phases were 130 kN for
the elastic phase, 580 kN for the plastic stable phase, and
406 kN for the plastic accelerated phase. In Fig. 6(b), the
deflection increments for the CIJ are shown. During the
elastic phase, the maximum deflection increment was
0.11 mm. As the joint transitioned to the plastic stable
phase, the maximum deflection increment increased to
0.27 mm, representing a 145.5% increase compared to the
elastic phase. In the plastic accelerated phase, the maxi-
mum increment reached 0.63 mm, a 133.3% increase com-
pared to the plastic stable phase. The phase lengths suggest
that the CIJ underwent a long and stable plastic phase,

allowing it to bear loads steadily before reaching its failure
point in the plastic accelerated phase.

Figure 7 illustrates the load—deflection behavior for the
SRSJ. Compared to the CIJ, the elastic phase extended
up to 260 kN, corresponding to a deflection of 2.69 mm.
This represented a 100% increase in phase length compared
to the ClJ. The stable plastic phase occurred between 260
and 810 kN, covering a load range of 550 kN and corre-
sponding to a deflection of 11.69 mm. The plastic acceler-
ated phase then occurred between 810 and 1 085 kN,
covering a shorter range of 275 kN, with a final deflection
of 26.15 mm. Compared to the CIJ, SRSJ had a 100%
longer elastic phase but a slightly shorter plastic stable
phase by about 5.2%. However, the plastic accelerated
phase was also shorter by 32.3%, indicating a quicker
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transition to failure. In Fig. 7(b), the deflection increments
for the SRSJ show a more significant variation. In the elas-
tic phase, the maximum deflection increment was 0.13 mm,
which was slightly higher than that of the CIJ. During the
plastic stable phase, the maximum deflection increment
rose sharply to 0.72 mm, representing a 453.8% increase
compared to the elastic phase. In the plastic accelerated
phase, the maximum deflection increment reached
1.33 mm, an 84.7% increase compared to the plastic stable

phase. These values indicate that the SRSJ, despite its sim-
plified structure, maintains a relatively high level of load-
bearing capacity and exhibits greater deformability. It per-
forms comparably to the CIJ, achieving around 95% of the
C1J’s load-bearing capacity, making it a feasible alternative
for applications requiring high deformation tolerance while
simplifying the structural design.

The analysis of the DRSJ, as shown in Fig. 8(a) and (b),
reveals significant shortcomings. The load—deflection curve
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in Fig. 8(a) exhibits a similar three-stage behavior but with
different phase lengths. The elastic phase extended up to
160 kN, corresponding to a deflection of 2.91 mm. This
phase length was 23.1% longer than that of the CIJ but
38.5% shorter than the SRSJ. The plastic stable phase
extended from 160 to 680 kN, covering a load range of
520 kN and corresponding to a deflection of 10.20 mm.
This phase was 10.3% shorter than the CIJ and 5.5%
shorter than the SRSJ. The plastic accelerated phase
occurred between 680 and 841 kN, covering a load range
of 161 kN, with a final deflection of 17.92 mm. This phase
was significantly shorter by 60.3% compared to the CIJ and
41.5% shorter compared to the SRSJ, indicating that the
DRSJ transitions more quickly to failure under high loads.
The deflection increments for the DRSJ, as shown in Fig. 8
(b), also highlight its weaknesses. In the elastic phase, the
maximum deflection increment was 0.32 mm, which was
significantly higher than both the CIJ and the SRSJ, indi-
cating that the joint experienced greater deformation even
at lower loads. During the plastic stable phase, the maxi-
mum deflection increment was 0.28 mm, which was a
12.5% decrease compared to the elastic phase. However,
this phase length was shorter, and the deflection increments
were still relatively high, suggesting that the joint did not
maintain its structural integrity as effectively as expected.
In the plastic accelerated phase, the maximum deflection
increment reached 0.84 mm, a 200% increase compared
to the plastic stable phase. This rapid increase in deflection
increment, combined with the shorter phase lengths, sug-
gests that the DRSJ is prone to earlier failure and is less
effective at distributing the load compared to the other
joint types.

The DRSJ, contrary to expectations, does not perform
as well as the CIJ or SRSJ. The data show that this joint

enters failure stages more quickly, with shorter phase
lengths in both the plastic stable and plastic accelerated
phases. The larger deflection increments in the elastic phase
indicate that the joint deforms more under load, which
could lead to premature failure. This performance may
be due to a design flaw, where the dual-row configuration,
instead of providing better stress distribution, may create
points of weakness or concentration of forces that reduce
the overall effectiveness of the joint. Additionally, the rapid
progression through the plastic phases suggests that the
joint material or design does not adequately accommodate
increasing loads, leading to early failure. Therefore, the
current design of the DRSJ may not be suitable for appli-
cations requiring high load-bearing capacity and durabil-
ity. In contrast, the SRSJ, despite its simplified structure,
shows promising results. It maintains a load-bearing capac-
ity that is approximately 95% of that of the CIJ, while
exhibiting higher deformability. This performance high-
lights its potential as a viable alternative to the CIJ, espe-
cially in applications where reduced complexity and
improved deformation tolerance are beneficial. The SRSJ
demonstrates that it achieves comparable load-bearing per-
formance with a more streamlined design, offering a bal-
anced advantage in terms of economic cost, efficiency,
and structural performance. This makes it a suitable option
for various construction scenarios where a combination of
reduced complexity, cost-effectiveness, and high deforma-
tion tolerance is crucial.

3.2 Joint opening
Figures 9-11 provide the joint opening properties of the

Cl1J, SRSJ, and DRSJ. The joint opening increments refer
to the increase in joint opening corresponding to every
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10 kN increment in load (Cai et al., 2024a, 2024b). The
Cl1J, as shown in Fig. 9(a), exhibited a relatively controlled
joint opening behavior throughout the three stages: elastic
phase, plastic stable phase, and plastic accelerated phase.
In the initial elastic phase, the joint opening was minimal,
with the maximum value reaching 0.86 mm. As the joint
progressed into the plastic stable phase, the joint opening
increased to 3.77 mm, representing a 338.4% increase from
the elastic phase. Finally, in the plastic accelerated phase,
the joint opening reached its peak value of 10.61 mm at
the end of the test, a further increase of 181.4% from the

plastic stable phase. This gradual increase in joint opening
across the stages indicates that the CIJ maintains stable
performance until the plastic accelerated phase, where the
opening becomes more pronounced. Figure 9(b) shows
the increments in joint opening for the CIJ. During the
elastic phase, the maximum opening increment was
0.04 mm. As the joint transitioned to the plastic stable
phase, the maximum opening increment increased to
0.10 mm, representing a 150% rise. In the plastic acceler-
ated phase, the increment reached 0.40 mm, which was a
300% increase from the plastic stable phase. Compared to
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the other joint types, CIJ’s joint opening increments
remained relatively small, reflecting a controlled and grad-
ual response to increasing load.

The SRSJ, illustrated in Fig. 10(a), showed a different
joint opening profile compared to the CIJ. In the elastic
phase, the joint opening remained low at 0.48 mm, which
was 44.2% lower than the CIJ’s elastic phase opening.
However, as the joint entered the plastic stable phase, the
joint opening increased more rapidly to 4.84 mm, repre-
senting a 908.3% increase from the elastic phase and a
28.4% increase over the CIJ’s corresponding phase. In the
plastic accelerated phase, the joint opening reached
12.35 mm, representing an increase of 155.1% from the
plastic stable phase and an additional 16.4% over the CI1J’s
peak opening. This data suggests that while the SRSJ main-
tains stable performance in the early phase, it allows for
more joint movement as the load increases, which could
be beneficial in applications where flexibility is required.
Figure 10(b) displays the increments in joint opening for
the SRSJ. During the elastic phase, the maximum opening
increment was 0.03 mm (25% lower than the CIJ’s
0.04 mm). However, during the plastic stable phase, the
maximum opening increment rose sharply to 0.42 mm
(1300% increase from the elastic phase and 320% higher
than the CIJ’s 0.10 mm). In the plastic accelerated phase,
the maximum opening increment reached 0.76 mm, which
represented an 81% increase from the plastic stable phase
and was 90% higher than the CIJ’s 0.40 mm increment.
Compared to the CIJ, the SRSJ shows a greater capacity
for deformation in the later phases, with its increments ris-
ing more sharply, reflecting its flexibility under load.

The DRSJ, depicted in Fig. 11(a), exhibited the most
pronounced joint opening behavior among the three joint

types. In the elastic phase, the joint opening started at
0.89 mm (103.5% higher than the CIJ’s 0.86 mm and
85.4% higher than the SRSJ’s 0.48 mm). As the joint
entered the plastic stable phase, the joint opening increased
significantly to 5.21 mm (485.4% increase from the elastic
phase and 38.2% higher than the SRSJ’s 4.84 mm). In
the plastic accelerated phase, the joint opening reached a
maximum of 17.92 mm, representing a 244% increase from
the plastic stable phase and 68.9% higher than the SRSJ’s
12.35 mm. This extensive joint opening suggests that the
DRSJ is more susceptible to large deformations, which
may lead to earlier failure. Figure 11(b) illustrates the
increments in joint opening for the DRSJ. During the elas-
tic phase, the maximum opening increment was 0.09 mm
(125% higher than the CIJ’s 0.04 mm and 200% higher than
the SRSJ’s 0.03 mm). However, during the plastic stable
phase, the maximum opening increment only slightly
increased to 0.16 mm, representing a 77.8% rise and
remaining 60% lower than the SRSJ’s 0.42 mm in the same
phase. In the plastic accelerated phase, the maximum open-
ing increment reached 0.37 mm (131.3% increase from the
plastic stable phase but still 51.3% lower than the SRSJ’s
0.76 mm increment). This indicates that while the DRSJ
does experience substantial joint opening, the increments
are more moderate, reflecting a somewhat more controlled
response in this final phase, but still leading to larger over-
all deformations.

According to the German standard (DAUB, 2013), a
joint opening of 5 mm is a critical indicator of load-
bearing capacity. The CIJ and SRSJ both reach 5 mm
opening at approximately 840 kN, indicating similar per-
formance. In contrast, the DRSJ reaches the 5 mm opening
at 720 kN, which is approximately 14.3% lower than the
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load required for the CIJ and SRSJ. This suggests that the
DRSJ has a reduced load-bearing capacity, deforming
more easily under similar loads compared to the CIJ and
SRSJ.

The joint opening behavior and increments across the
three joints reveal significant differences in their structural
responses. The CIJ demonstrates a controlled and gradual
increase in joint opening, with relatively small increments
across all phases. This suggests a more stable response to
increasing loads, making it suitable for applications where
minimal joint movement is crucial. The SRSJ, on the other
hand, shows greater flexibility, with a more significant rise
in joint opening increments, particularly in the plastic
stable and accelerated phases. This characteristic might
be advantageous in scenarios where a higher tolerance for
joint movement is needed. The DRSJ, while showing the
highest overall joint openings, has more moderate incre-
ments, especially in the critical plastic accelerated phase.
However, its larger overall joint movement suggests it
may be prone to earlier failure, particularly in high-stress
environments.

3.3 Joint rotational angle

Figure 12 provides an analysis of the joint rotational
angle properties for CIJ, SRSJ, and DRSJ under increas-
ing load conditions, focusing on the differences in their
rotational behavior across three distinct relative trend
stages. In the first stage (marked as 1), at a lower load
level around 100 kN, the rotational angles for C1J, SRSJ,
and DRSJ are relatively close, reflecting similar stiffness
and resistance to rotational movement. Notably, SRSJ
exhibits the smallest rotational angle, indicating higher
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stiffness compared to CIJ and DRSJ, with DRSJ showing
slightly higher flexibility. As the load increases into the
second stage (marked as 2), the differences in rotational
behavior become more pronounced. SRSJ continues to
show the smallest rotational angle among the three joints,
maintaining its rigidity under the increasing load. CIJ fol-
lows with a moderate rotational angle, while DRSJ dis-
plays the highest rotational angle, indicating that it
allows for more rotational movement under the same
load. This suggests that SRSJ retains a more controlled
response, while DRSJ becomes more flexible, leading to
greater rotational deformation. In the third stage (marked
as 3), as the load continues to increase, a significant shift
occurs. SRSJ, which initially exhibited the smallest rota-
tional angles, gradually accelerates in its rotational angle
growth and eventually surpasses ClJ. This shift indicates
that while SRSJ initially maintained higher stiffness, it
becomes more flexible under higher loads, allowing for
greater rotation. Under the same load conditions, DRSJ
consistently shows the highest rotational angle, reflecting
its tendency toward greater deformation. CIJ, despite
being surpassed by SRSJ in this stage, still maintains a
relatively rigid profile compared to DRSIJ.

Overall, the analysis across these stages reveals distinct
trends: SRSJ starts as the most rigid joint but becomes
more flexible as loads increase, eventually allowing more
rotation than CIJ in the highest load conditions. Under
the same load conditions, DRSJ consistently shows the
greatest rotational movement, indicating potential for
higher deformation and earlier structural compromise.
C1J, while less flexible than SRSJ in the later stages, still
offers a more rigid and stable response throughout the
loading process.
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Fig. 12. Joint rotational angle properties. (a) Load-joint rotational angle relationships, and (b) load-joint rotational angle increment relationships.


move_f0060

424 M. Cai et al. | Underground Space 26 (2026) 412-434

100

I
(2)

|
|
50 I

F=1116kN

Concrete strain(ue)
<

Stage 1: Steady development phase
—50 - Stage 2: Fluctuation development phase

CSl=@=CS2 == (CS3
== CS4 == CS5=d=—CS6

—-100

0 200 400 600 800 1000 1200
Load(kN)

(@)

30
~ 201
]
e
=
= F =1000 kN @
E 10
w
2
2
2
5 0
=
—
(=]
5—10 | Stage 1: Steady development phase /
% Stage 2: Fluctuation development phase F=1116 kN
] el CS | =@ CS2 === CS3

—20 | [~¥—CS84 ——CS5—4—CSG

1

0 200 400 600 800 1000 1200
Load(kN)

(b)

Fig. 13. Concrete strain properties of CIJ in the bottom face. (a) Load-concrete strain relationships, and (b) load-concrete strain increment relationships.

100

50

Concrete strain(e)
(=]

Stage 1: Steady development phase

—50 [ Stage 2: Fluctuation development phasp
CS | CS2 =mhe= CS3
CS4 =@ CS5=d—CS6 I\
I©=800 kN

—100

0 200 400 600 800 1000 1200
Load(kN)

(a)

20

(ne)

Ju—
e

(=]

o
o

Stage 1: Steady development phase

Increment of concrete strain

Stage 2: Fluctuation development phase
~20 - e CS1—e—CS2—A—Cs3 I
== CS4 —@— CS5—4— CS6
F =1085kN
= 0 1 1 1 1 1
0 200 400 600 800 1000 1200
Load(kN)

(b)

Fig. 14. Concrete strain properties of SRSJ in bottom face. (a) Load-concrete strain relationships, and (b) load-concrete strain increment relationships.

3.4 Concrete strain

Figures 1315 provide an analysis of the concrete strain
properties at the bottom face of CIJ, SRSJ, and DRSJ
under increasing load conditions. These figures specifically
examine the relationships between load and concrete strain,
as well as the corresponding increments in concrete strain
as the load increases.

In Fig. 13(a), the load-concrete strain relationship for
the CIJ showed a two-stage behavior. During the first

stage, identified as the steady development phase, the con-
crete strain remained relatively stable, with only slight
increases as the load approached 1000 kN. This phase indi-
cates that the CIJ maintains its structural integrity and
effectively resists strain under increasing load. As the load
surpassed 1000 kN and entered the second stage, labeled
as the fluctuation development phase, the strain started
to fluctuate more noticeably, particularly as it neared
1116 kN. Figure 13(b) illustrates that the increments in
concrete strain for the CIJ were minimal during the steady
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Fig. 15. Concrete strain properties of DRSJ in bottom face. (a) Load-concrete strain relationships, and (b) load-concrete strain increment relationships.

development phase, remaining close to zero. However, as
the load increased beyond 1000 kN, the strain increments
became more variable, reflecting the onset of fluctuations
in concrete strain as the structure approached its load-
bearing limit.

Moving to Fig. 14(a), the SRSJ also demonstrated a
two-stage behavior in its load-concrete strain relationship.
In the steady development phase, the strain increased
slightly but remained controlled until the load reached
around 800 kN. At this point, the strain began to increase
more rapidly, and as the load progressed further into the
fluctuation development phase, the strain showed signifi-
cant fluctuations, particularly beyond 1085 kN. This
behavior suggests that while SRSJ is capable of resisting
strain initially, it becomes more susceptible to fluctuations
as the load increases. Figure 14(b) supports this observa-
tion, showing that the concrete strain increments for SRSJ
were minimal and stable in the steady development phase,
but became increasingly erratic as the load entered the fluc-
tuation development phase.

Figure 15(a) presents the load-concrete strain relation-
ship for the DRSJ, which, like the previous joints, exhibited
a two-stage behavior. However, the strain in DRSJ started
to increase more significantly at a lower load level, around
580 kN. As the load approached 841 kN and entered the
fluctuation development phase, the strain increased rapidly
and showed larger fluctuations compared to CIJ and SRSJ.
This indicates that DRSJ is less effective at controlling
strain under increasing load, leading to more pronounced
fluctuations. Figure 15(b) reveals that the concrete strain
increments for DRSJ, while initially stable, became much
larger and more erratic as the load increased beyond
580 kN, reflecting the joint’s reduced ability to manage
strain.

Overall, the CIJ is the most effective at maintaining
stable concrete strain under load, with minimal fluctuations
observed even at higher load levels. SRSJ, while initially
stable, becomes more susceptible to strain fluctuations as
the load increases, though it still manages to control strain
better than DRSJ. DRSJ, on the other hand, showed sig-
nificant strain increases and fluctuations at lower load
levels, indicating a higher susceptibility to strain and
reduced structural stability compared to CIJ and SRSIJ.
Furthermore, it is important to note that both SRSJ and
DRS]J altered the stress distribution at the bottom surface
compared to CIJ. While CIJ primarily subjected the bot-
tom surface to tensile stress, SRSJ and DRSJ introduced
areas where the bottom surface was in a compressive state.
This change in stress mode is beneficial as it allows the con-
crete to better utilize its compressive strength.

3.5 Bolt strain

Figures 16-18 analyze the bolt strain behavior of CIJ,
SRSJ, and DRSJ under increasing loads, focusing on the
load-strain relationship and the strain increments (Cai
et al., 2024a, 2024b). In Fig. 16(a), the CIJ bolts exhibited
a steady increase in strain up to 520 kN, after which the
strain began to fluctuate as the load approached
1116 kN. This behavior indicates that while CIJ bolts ini-
tially manage the load effectively, they become less stable
as the load increases, especially at higher stress levels. Fig-
ure 16(b) confirms this by showing that the strain incre-
ments remained small and consistent in the early stages
but became more erratic as the load increased.

For the SRSJ, as shown in Fig. 17(a), the strain grew
steadily until around 580 kN, similar to the C1J. However,
beyond this point, the strain began to increase more rapidly
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and exhibited significant fluctuations as the load
approached 1085 kN. This suggests that while SRSJ bolts
handle initial loads well, they experience greater instability
under higher loads. Figure 17(b) supports this, with strain
increments showing a stable pattern initially but becoming
more variable as the load increased, indicating a gradual
decline in structural stability.

The DRSJ, depicted in Fig. 18(a), showed the most sig-
nificant strain growth even at lower loads, with notable
fluctuations starting around 290 kN and intensifying
beyond 841 kN. This early onset of strain fluctuations sug-
gests that DRSJ bolts are less capable of maintaining sta-
bility under load, leading to greater susceptibility to
failure. Figure 18(b) further highlights this by showing lar-
ger and more erratic strain increments as the load

increased, reflecting a significant decrease in stability under
stress.

Overall, the C1J bolts demonstrate better stability under
load compared to SRSJ and DRSJ, which show increasing
instability as the load rises. The DRSJ, in particular, exhi-
bits the greatest strain and instability at lower loads, indi-
cating a higher risk of structural compromise under stress.

Figure 19 presents the bolt strain properties, focusing on
the average bolt strain (AVG) and the standard deviation
(SD) across the different joint types: SRSJ, C1J, and DRSJ.
In Fig. 19(a), which illustrates the average bolt strain, the
CI1J consistently exhibited the highest average strain across
the load spectrum, particularly noticeable after 600 kN,
where the strain increased sharply. The SRSJ, on the other
hand, showed the lowest average strain throughout the
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Fig. 19. Bolt strain properties. (a) Average bolt strain, and (b) standard deviation.

loading process, indicating that it experiences less deforma-
tion under the same load conditions. The DRSJ displayed
an intermediate behavior, with average strain values higher
than SRSJ but lower than CIJ, suggesting a moderate
response to the applied load. Figure 19(b) focuses on the
standard deviation of bolt strain, revealing insights into
the variability and stability of the strain behavior under
increasing loads. The CIJ demonstrated a relatively steady
increase in standard deviation as the load increased, partic-
ularly beyond 600 kN, indicating more consistent but vari-
able strain responses under high loads. In contrast, the
DRSJ exhibited a significant rise in standard deviation
starting from 600 kN, reflecting a higher variability and
instability in its strain behavior as the load intensified.

The SRSJ, maintaining the lowest standard deviation, indi-
cated that it had the most stable and consistent strain
response among the three joint types under the applied
loads.

4 Discussions
4.1 Joint toughness

Table 2 presents the toughness indices of three joint
types across different load phases: the elastic phase, plastic
stable phase, and plastic accelerated phase. The toughness
index, defined as the area under the load—deflection curve
up to the end of each phase, reflects the energy absorption
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Table 2
Joint toughness index.
Phase Toughness (kN-mm)

ClJ SRSJ DRSJ
Elastic phase 230 336 268
Plastic stable phase 3283 6259 3536
Plastic accelerated phase 14 201 20 047 9527

capacity of each joint during these phases. Higher values
indicate greater toughness, meaning a greater ability to
absorb energy under loading conditions (Cai et al.,
2024a, 2024b; Gong et al., 2017).

In the clastic phase, the SRSJ shows the highest tough-
ness at 336 kN-mm, which is approximately 46.1% higher
than the CIJ’s 230 kNemm and 25.4% higher than the
DRSJ’s 268 kN+mm. This indicates that SRSJ has the best
ability to absorb energy in the initial, elastic stage of load-
ing. The DRSJ also outperforms the CIJ by about 16.5%,
demonstrating a slightly better energy absorption capacity
during this phase. In the plastic stable phase, the toughness
of the SRSJ significantly surpasses that of the other joints,
reaching 6259 kNemm. This is an increase of 90.7% com-
pared to the CIJ’s 3283 kN+-mm, showing that the SRSJ
can absorb nearly twice the energy during this phase. The
DRSJ, with a toughness of 3536 kN-mm, is only 7.7%
higher than the CIJ, indicating a marginal improvement
over the traditional joint. The most significant differences
are observed in the plastic accelerated phase. Here, the
SRSJ again leads with a toughness of 20 047 kN-mm,
which is 41.2% higher than the DRSJ’s 9527 kN+*mm and
a remarkable 41.2% higher than the CIJ’s 14 201 kN-mm.
The DRSJ, while improving on the CIJ in earlier phases,
falls behind in this critical phase by 32.9% compared to
SRSJ, indicating its lower capacity to absorb energy as
the load increases rapidly.

Overall, the SRSJ consistently exhibits superior tough-
ness across all phases, particularly in the plastic stable
and plastic accelerated phases, where its energy absorption
capacity is nearly double that of the CIJ. The DRSJ, while
showing some improvements over the C1J in earlier phases,
fails to match the toughness of the SRSJ, particularly in the
later stages of loading.

4.2 Joint ductility

Table 3 presents the ductility indices for the three joint
types, focusing on both deflection and rotational angle duc-
tility coefficients. The joint ductility coefficients were
defined based on the ratio of maximum deformation in
the plastic stable phase to the maximum deformation in
the elastic phase, as measured by deflection and rotational
angle (Cai et al., 2024a, 2024b; Gong et al., 2017).

For the deflection ductility coefficient (u;), the RCS joint
showed the highest coefficient of 4.44. This indicates that
RCS is the most ductile in terms of deflection among the
three joints. The SRSJ joint had a slightly lower coefficient
of 4.31, which is approximately 2.9% less than the RCS,
indicating a comparable level of deflection ductility. In con-
trast, the DRSJ joint had the lowest deflection ductility
coefficient of 3.50, which is about 21.2% lower than the
RCS, suggesting that it has the least ability to accommo-
date deflection. For the rotational angle ductility coefficient
(1), the SRSJ joint exhibited the highest value at 7.63,
indicating a significant rotational flexibility. This is 76.4%
higher than the RCS’s coefficient of 4.32, showcasing the
SRSJ’s superior ability to undergo rotational deformation.
The RCS joint, with a coefficient of 4.32, reflects a balanced
rotational ductility. Meanwhile, the DRSJ joint, with the
lowest coefficient of 3.43, is approximately 20.6% lower
than the RCS, indicating its limited capacity to handle
rotational deformation.

While the RCS joint leads in deflection ductility, the
SRSJ joint surpasses both RCS and DRSJ in rotational
ductility, making it particularly strong in handling rota-
tional movements. The DRSJ joint, however, falls behind
in both categories, suggesting limitations in both deflection
and rotational flexibility.

4.3 Cracking pattern

The cracking patterns observed in the concrete joints, as
depicted in Figs. 20-22, reveal critical insights into the
structural performance and failure modes of the CIJ, SRSJ,
and DRSJ, respectively. These patterns are indicative of
the underlying stress distribution and the joints’ ability to
withstand applied loads before failure.

Table 3

Joint ductility index.

Parameter Explanation Unit RCS SRSJ DRSJ
Ocr Maximum deflection in the elastic growth phase mm 1.90 2.69 291

Opsp Maximum deflection in the plastic stable phase mm 8.44 11.69 10.20

Us Deflection ductility coefficient (Jpsp/der) - 4.44 4.31 3.50

Ocr Maximum rotational angle in the elastic growth phase 1073 rad 2.89 2.03 4.31

Opsp Maximum rotational angle in the plastic stable phase 1073 rad 12.49 15.49 14.80

U Rotational angle ductility coefficient (Opsp/0cr) — 4.32 7.63 3.43
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Fig. 21. Cracking pattern of SRSJ.
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Fig. 22. Cracking pattern of DRSJ.

Figure 20, showing the cracking pattern of CIJ, reveals a
relatively uniform distribution of cracks, indicative of the
joint’s robust but brittle behavior under load. The cracks
primarily originated from the bottom surface, propagating
upwards due to tensile stresses. Additionally, a significant
observation in CIJ is the severe spalling on the top surface,
where concrete crushing has led to large-scale material loss
and exposed rebar. This suggests that while the C1J is effec-
tive in delaying failure through a balanced load transfer,
the upper surface is vulnerable to compressive forces, lead-
ing to extensive damage as the load increases. The side sur-
faces of the CIJ also showed significant cracking,
particularly originating from the tensile zone. This is likely
due to the hand hole structure, which tends to concentrate
tensile stresses around it, making it a weak point under
load. Furthermore, the high-strength bolts in the CIJ
exhibited localized twisting deformation, contributing to
the overall stress concentration and further compromising
the joint’s ability to maintain structural integrity under
high load conditions.

Figure 21 illustrates the cracking pattern of SRSJ, where
the damage is more localized compared to CIJ. The cracks
are concentrated around the joint area, with more pro-
nounced cracking at the bottom surface, which eventually

exposes the joint itself as the concrete fractures. Unlike
the C1J, the top surface of the SRSJ exhibited only minor
spalling, suggesting that the joint is better at managing
compressive forces on the upper surface. However, the
exposure of the joint at the bottom surface indicates that
while SRSJ can handle deformation, it may be at the
expense of compromising the joint’s protective concrete
cover. The side surfaces of the SRSJ showed cracks mainly
in the compression zone, indicating a different stress distri-
bution compared to CIJ. The limited spalling on the top
surface reflects SRSJ’s ability to maintain structural integ-
rity, but the concentration of cracks around the joint area
highlights a potential risk for localized failure. Similar to
Cl1J, the high-strength bolts in the SRSJ also showed signs
of localized twisting deformation, particularly as the joint
approached its load-bearing limits, which may have exacer-
bated the cracking patterns observed.

In contrast, Fig. 22 shows the cracking pattern of DRSJ,
which exhibited the most complex and severe damage
among the three joints. The DRSJ’s dual-row sleeve design
appears to contribute to significant stress concentrations,
particularly at the bottom surface, leading to extensive
and irregular cracking. Interestingly, despite these severe
cracks at the bottom, the top surface of the DRSJ showed
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no significant concrete cracking or spalling. This lack of
top surface damage suggests that the DRSJ’s design effec-
tively shields the upper concrete from compressive forces.
However, the severe stress concentrations and the corre-
sponding cracking pattern at the bottom indicate that the
DRSJ struggles to distribute the load evenly across the
joint, leading to a lower load-bearing capacity and a more
brittle failure mode. The side surfaces of the DRSJ also
exhibited cracks primarily in the compression zone, similar
to SRSJ, suggesting that the dual-row design does not effec-
tively mitigate stress concentrations in these areas. The
high-strength bolts in the DRSJ also experienced localized
twisting deformation, which, combined with the stress con-
centration, likely contributed to the earlier and more severe
failure observed in this joint.

4.4 Sustainability

The sustainability indicator is determined by analyzing
the embodied carbon (EC) and cost values. After a compre-
hensive market study (Cai et al., 2024c; Ye et al., 2023), the
EC and costs for each raw material are detailed in Table 4.
Figure 23 showcases the embodied carbon (EC) and costs
for a standard 1/8 segment of a tunnel ring with an outer
diameter of 9 m and an inner diameter of 8.3 m. The C1J
exhibited the highest embodied carbon, followed by the

SRSJ and DRSIJ. This higher embodied carbon for the
ClJ is primarily due to its significant use of iron and
cement, which have substantial carbon footprints. In con-
trast, the SRSJ and DRSJ, with more efficient material
use, demonstrate lower embodied carbon values. Specifi-
cally, the SRSJ achieved a reduction of approximately
7.21% in embodied carbon compared to the CIJ, while
the DRSJ showed an even greater reduction of 7.48%. In
terms of cost, the CIJ was again the highest, followed by
the SRSJ and DRSJ. The SRSJ and DRSJ designs, which
optimize material usage, resulted in a cost reduction com-
pared to the CIJ. The SRSJ showed a cost reduction of
about 6.42%, and the DRSJ achieved a 6.68% reduction
compared to the CIJ. These reductions illustrate the eco-
nomic efficiency of the sleeve joint designs.

The proportions of embodied carbon and cost for the
ClIJ, SRSJ, and DRSJ, as presented in Figs. 24 and 25, pro-
vide further insights into the environmental and economic
efficiencies of these joint types. The proportions of embod-
ied carbon reveal that cement is the primary contributor
across all joint types, accounting for around 50.79% in
ClJ, and slightly higher in SRSJ (54.99%) and DRSJ
(55.17%). This indicates that the use of cement remains a
significant factor in the environmental impact of these
joints, with SRSJ and DRSJ marginally increasing their
reliance on cement compared to CIJ. The steel cage also
contributes substantially, with proportions of 23.96% in
ClJ, increasing slightly in SRSJ (25.82%) and DRSJ
(25.90%). The joint material itself contributes a notable
proportion in CIJ at 21.74%, but this is reduced in the
SRSJ (15.38%) and DRSJ (15.12%), reflecting the more
efficient material usage in the sleeve joints. In terms of cost
proportions, coarse aggregate and fine sand represent the
largest cost factors across all joints. The CIJ sees 24.54%
of its cost attributed to coarse aggregate, with SRSJ
(26.35%) and DRSJ (26.42%) showing slightly higher pro-
portions, aligning with their increased efficiency in material
use. The cost associated with the joint material itself is sig-
nificantly higher in CIJ (19.50%) compared to SRSJ

360

Table 4
Breakdown of embodied carbon and cost of raw materials.
Raw materials Embodied carbon (kg/kg) Cost ($/kg)
Cement 0.912 0.044
Water 0.001 0.000 53
Fly ash 0.004 0.024
Slag 0.042 0.27
Fine sand 0.005 0.058
Coarse aggregate 0.005 0.058
Admixture 1.88 2.98
Iron 1.29 0.4653
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Fig. 23. Embodied carbon and cost of different segmental joints.
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(13.68%) and DRSJ (13.44%), again highlighting the mate-
rial efficiency of the sleeve joints. The cost proportions for
the steel cage also increase from 21.49% in CIJ to 22.96% in
SRSJ and 23.02% in DRSJ, reflecting the slightly higher
steel usage in these designs.

DRSIJ and SRSJ emerge as more sustainable and cost-
effective alternatives compared to the traditional CI1J, pri-
marily due to their optimized material usage, which results
in lower embodied carbon and costs. However, when con-
sidering structural load-bearing performance, the SRSJ
stands out as the best option, achieving 97.22% of the
load-bearing capacity of the CIJ, making it the optimal
choice in terms of both sustainability and structural
performance.

0.45%

(b)

Fig. 25. Cost proportion. (a) ClJ, (b) SRSJ, and (c) DRSIJ.

23.02% ‘\.
©

5 Conclusions

This study was conducted in response to the growing
need for optimizing shield tunnel joints, considering the
increasing emphasis on structural performance, low-
carbon emissions, and economic efficiency in modern con-
struction. While CIJ has been the traditional solution, it is
associated with high material costs and significant environ-
mental impact due to its heavy reliance on iron. To address
these issues, this research explored two alternative joint
designs: SRSJ and DRSJ, focusing on their mechanical per-
formance and sustainability metrics. The research methods
involved extensive experimental testing focusing on joint
deflection, joint opening, rotational angle, concrete strain,
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and bolt strain. Additionally, the study analyzed key per-
formance aspects such as joint toughness, ductility, crack-
ing patterns, and sustainability to provide a
comprehensive evaluation of the three joint types. Key
insights include:

(1) The SRSJ demonstrated a load-bearing capacity close
to ClJ, reaching 97%, while the DRSJ performed sig-
nificantly lower, achieving only 75% of CIJ’s capac-
ity. In the elastic phase, SRSJ exhibited superior
load-bearing performance, supporting twice the load
of CIJ, with DRSJ showing 1.23 times the capacity.
This advantage stems from the different stress distri-
bution patterns in the joints, where SRSJ and DRSJ
combined tension and compression forces more effec-
tively than CIJ.

(2) Bolt strain analysis revealed that DRSJ bolts experi-
enced the highest stress levels and the most variabil-
ity, indicating stress concentration issues. In
contrast, SRSJ showed behavior similar to CIJ, main-
taining a balanced stress distribution.

(3) SRSJ outperformed both CIJ and DRSJ in toughness
and ductility, especially in rotational flexibility, where
it exceeded C1J by over 76%. This superior toughness
allows SRSJ to absorb more energy and sustain
deformation without failure.

(4) C1J suffered from significant spalling and cracking
under load, while SRSJ localized damage around
the joint and minimized top surface spalling. DRSJ,
however, exhibited the most severe damage, with
extensive bottom surface cracking.

(5) SRSJ and DRSJ reduced embodied carbon and costs
by optimizing material usage, achieving reductions of
7.21% and 7.48% in carbon emissions and 6.42% and
6.68% in cost, respectively, compared to CIJ.

(6) SRSJ proved to be a strong alternative to C1J, offer-
ing a balanced combination of mechanical perfor-
mance, sustainability, and cost efficiency. On the
other hand, DRSJ, despite its larger contact area,
struggled with stress concentration issues, leading to
reduced structural effectiveness and lower overall
advantages.

This study examined the characteristics of three types of
joints under static load conditions. Future research can
focus on the long-term performance of these joints under
different environmental factors, such as temperature
changes and exposure to moisture. This will provide impor-
tant data for optimizing joint designs in real-world applica-
tions, especially for tunnels in diverse and challenging
conditions.
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