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Abstract: Increasingly, research indicates that steel fibers can significantly enhance the engineer-
ing properties of mortar and concrete; however, few studies have examined their impact on the
reinforcement of in-service tunnel linings within sleeve arch structures. In this study, a series of
1:2 scale experiments were conducted using a specialized loading device to compare the reinforce-
ment performance of steel fiber-reinforced concrete sleeve arches and traditional reinforced concrete
sleeve arches on prefabricated cracks with depths of 1/3 and 2/3 of the lining thickness. The ex-
perimental results were validated using numerical simulations. The results indicate that under the
same load, when reinforcing components with 2/3 prefabricated cracks, the maximum compressive
strains for steel fiber-reinforced and reinforced concrete sleeve arches were —852 pe and —985 e,
respectively, and the maximum deflections were 3.57 mm and 5.48 mm. Composite sleeve arches
of both materials provide a certain degree of reinforcement to linings with varying damage. The
reinforcement performance of steel fiber-reinforced concrete sleeve arches is superior to that of tradi-
tional reinforced concrete sleeve arches, with particularly significant reinforcement for linings with
2/3 prefabricated cracks. Numerical simulations have shown that the stress in reinforced concrete at
the concentrated stress regions is 16.15%, 6.01%, 12.68%, 36.62%, and 4.82% higher than that in steel
fiber-reinforced concrete, respectively, thereby validating the reliability of the experimental results.
Therefore, this study recommends the application of steel fiber materials in sleeve arches to achieve
superior maintenance and reinforcement, addressing cracking issues in in-service tunnel linings and
thereby improving the safety and durability of these structures.

Keywords: highway tunnel; lining reinforcement; prefabricated thin arch; steel fiber concrete;
mechanical property

1. Introduction

Tunneling has experienced significant growth worldwide due to advancements in
transportation infrastructure and underground construction technologies, becoming a
crucial component of major transportation modes, namely highways and railways [1]. As
tunnel construction in China rapidly progresses, the scale of such projects continues to ex-
pand, with increasing public demands for higher construction standards. Beyond meeting
travel demands through additional tunnels, there is a critical need to focus on ensuring
operational safety and facilitating subsequent maintenance. Consequently, enhancing the
management and maintenance of these tunnel projects is now a pivotal concern [2].

Over time, tunnel linings may deform, crack, or peel off [3,4], compromising both the
stability and safety of the tunnel and complicating traffic operations within it. For instance,
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the Dugong Ling Tunnel [5,6] in Shanxi Province, China, developed numerous cracks
during operation, with fractures ranging up to 5 cm, 10 cm, and even wider. These cracks
affect not only the tunnel’s safety but also its structural stability. Since its inception, the
Shiziya Tunnel on National Highway 209 has experienced issues like pavement cracking
and lining collapse due to construction quality, posing significant security risks to tunnel
traffic. The Wenchuan earthquake induced substantial deformations and severe lining
cracks in the Guxi Tunnel, impacting its overall structural integrity. Furthermore, the
lining cracks have led to deformations in the tunnel’s rock mass, seriously jeopardizing its
structural integrity and safety [7,8].

To address the limitations of ordinary reinforced concrete’s poor crack resistance and
weak ductility [9], numerous experts and scholars have shifted their focus to steel fiber
research. Introducing steel fibers into concrete significantly enhances a variety of engineer-
ing properties, including impact strength, toughness, tensile strength, bending strength,
and fatigue strength, while also improving spalling resistance [10-13]. Furthermore, incor-
porating steel fibers renders concrete more homogeneous, transitioning it from a brittle
to a more ductile material. When cracks form in concrete, randomly oriented steel fibers
help prevent the formation of micro-cracks, limit crack propagation, and enhance both the
strength and ductility of the material.

In light of the aforementioned examples, Tian et al. [13,14] employed a thin composite
arch structure reinforcement approach using sprayed steel fiber-reinforced concrete light
rail to integrate the reinforced body with the original lining, forming a unified structure
with enhanced integrity. Su et al. [15] employed finite element analysis to evaluate the
stress distribution within the secondary lining and the concrete arch, both prior to and
following the application of shotcrete arch reinforcement. Wang et al. [16] investigated the
impact of steel fiber-reinforced concrete linings on controlling surrounding rock displace-
ment, reducing lining pressure, and enhancing both the overall and local stability of the
supporting structure. Hu et al. [17] conducted research on the use and efficacy of steel fiber
shotcrete in single-layer lining structures for tunnel construction. Cui et al. [18] explored
the mechanical properties of single-layer steel fiber shotcrete linings and their application
in tunnel engineering. He et al. [19] investigated the mix design and construction processes
of steel fiber shotcrete. It is evident that many applications of steel fibers in tunnel research
focus on their integration during the construction phase within the concrete lining; how-
ever, research on the reinforcement of damaged concrete linings using steel fiber-reinforced
concrete arches is scarce.

Steel fiber-reinforced concrete differs from ordinary concrete in that it possesses high
strength, excellent crack resistance, and substantial resistance to external impacts [20,21].
Numerous experiments have demonstrated that the addition of steel fibers significantly
enhances the toughness of concrete under compression. When cracks form in concrete,
the stirrup effect of steel fibers within a compressed concrete column becomes evident,
causing the structure to crack without leading to fractures or significant damage. This
effect helps maintain the integrity of the original structure [22,23]. The application of
steel fiber-reinforced concrete technology in tunnel construction enhances the safety and
stability of tunnel structures. Research in this domain would strengthen the original lining’s
structural properties, significantly increase its load-bearing capacity, effectively prevent the
propagation of secondary cracks, and enhance overall tunnel safety.

This study aims to bridge this knowledge gap. Initially, a 1:2 scale test was used to
compare and analyze the reinforcement performance of steel fiber concrete and traditional
reinforced concrete. Subsequently, the reinforcement effects of steel fiber-reinforced concrete
arches on 1/3 and 2/3 prefabricated crack linings were analyzed using numerical methods.
Finally, a method involving steel fiber-reinforced concrete arches is proposed to enhance
the safety of damaged linings.
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2. Experimental Design and Loading Scheme
2.1. Experimental Purposes

In the structural design of steel-concrete arches, the crucial aspect is comparing the
reinforcement performance between steel fiber-reinforced concrete and traditional reinforced
concrete. Consequently, this paper investigates the reinforcement mechanical properties across
various arch materials and thicknesses at the cracks, comparing their load capacity, structural
deformation, bending stiffness under load, and failure modes. Thus, the potential value of
using steel fiber-reinforced concrete for arch reinforcement in tunnels is demonstrated.

2.2. Specimen

The original lining specimens measured 1200 mm in length, 200 mm in thickness, and
250 mm in width, constructed from plain concrete C25. The dimensions of the precast
cracks matched those of the original lining. These cracks were simulated by inserting
metal plates, 2 mm thick and 25 cm wide, at heights of 66.67 mm and 133.33 mm, into the
unset concrete. The arch specimens featured dimensions of 1200 mm in length, 75 mm in
thickness, and 250 mm in width, with a thinned section measuring 37.5 mm in thickness.
The arch specimens were constructed from two types of materials: CF50-grade steel fiber-
reinforced concrete and C50-grade traditional reinforced concrete. The specimens are
depicted in Figure 1 and Component diagram depicted in Figure 2.
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Figure 1. Composite sleeve arch.
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Figure 2. Component diagram: (a) component 1; (b) component 2; (c) component 3; (d) component 4;
(e) component 5.

In this study, loads were applied to the original, prefabricated crack, and composite
linings using special loading devices, as depicted in Figure 3. Before testing, the surfaces of
the specimens were polished and painted to enhance observational clarity during experi-
ments. Strain gauges were installed on the front, and sides, adjacent to the prefabricated
cracks at the center, and at the variable cross-section of the umbrella arch. Additionally, dial
indicators were positioned at the mid-span and the lower extremities of the loading ends,
and the data acquisition system was activated at the start of loading, while the pouring of
the specimens is illustrated in Figure 4.
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(a) Top view

Figure 3. Cont.
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Figure 3. Schematic diagram of strain gauge and dial gauge positions.

Figure 4. Specimen loading.

2.3. Experimental Preparation and Loading

During the loading process, the test component was secured at both ends using fixed
and movable hinge supports. A hydraulic jack was utilized to apply a vertical load to the
test specimen, incrementally increasing by 10 KN until the specimen failed.

3. Experimentation Results
3.1. Reinforcement Performance of Steel Fiber-Reinforced Concrete

(1) Concrete strain at the variable cross-section

The strain was measured by installing strain gauges at the umbrella arch location
under an external load of 1000 KN the concrete in the 1/3 and 2/3 prefabricated crack
components strengthened by the umbrella arch exhibited maximum compressive strains
of —1021 pe and —1431 pe, respectively. Under this loading condition, the maximum
compressive strain in the concrete at the variable cross-section met the design specifications
and did not result in crushing.

(2) Surface concrete strain near prefabricated cracks

The strain was measured using strain gauges positioned near the prefabricated cracks.
After collecting and analyzing the test data, the maximum compressive strains of con-
crete near the prefabricated cracks amounted to —605 pe and —852 pe for the 1/3 and
2/3 prefabricated crack components, respectively, reinforced by the umbrella arch under
an external load of 500 KN. Under an external load of 1000 KN, the maximum compressive
strains of the concrete near the prefabricated cracks were —1256 e and —1752 pe for the
1/3 and 2/3 prefabricated crack components, respectively, reinforced by the umbrella
arch. Under this load, the maximum compressive strain of the surface concrete near the
prefabricated cracks met the design specifications and did not result in any crushing.
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(3) Distortion

As shown in Figure 5a, components 1, 2, and 3 exhibit brittle failure under load, and
the rate of change in mid-span distortion increases progressively with increasing load.
Under the same load, mid-span distortion increases as the degree of cracking increases;
components 4 and 5 exhibit relatively minor mid-span distortions before damage as the
load increases. Component 1 fails under a load of 700 KN, components 2 and 3 fail at
550 KN, and components 4 and 5 do not fail even under a load of 1000 KN. The mid-span
distortions for components 1, 2, 3, 4, and 5 under the respective loads measure 5.01 mm,
4.78 mm, 6.31 mm, 3.25 mm, and 3.57 mm, respectively.

- 2.0X 107 —=—component 1
©] component | —e— component 2
—=&— component 2 L8x 1044 P!
—A— component 3 : —a— component 3
57 ) —v— component 4
—¥— component 4 o~ 1.6X10 5
- component 5 g component
Y E 1 4x 10
£ <
EP 2 1.2x10%
= =]
= =
2 =
z F 1.0X10"
A 24 o
T 8.0X10% 1
=]
. A
! 6.0X 101 4
04 4.0X 10" A
T T T T T T "
2.0X 10 T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Load(KN) Load(KN)
(a) Distortion (b) Bending stiffness

Figure 5. The variation of distortion and bending stiffness with load.

As depicted in Figure 5b, as the load increases, there is a general decrease in the
bending stiffness of the components. For component 4, stiffness decreases sharply between
0 and 200 KN, and cracking occurs along the prefabricated lines. Stiffness remains relatively
stable between 200 and 600 KN, during which the original lining and the umbrella arch are
co-stressed, resulting in cracks within the umbrella arch. Between 600 and 1000 KN, the
original lining nears destruction. Concurrently, the umbrella arch, now bearing the load
independently, shows further stiffness reduction, more extensive cracking, and transition
of the component into a plastic state. For component 5, stiffness decreases sharply between
0 and 150 KN, with cracking along the prefabricated lines. Between 150 and 500 KN,
stiffness is relatively stable with a slight upward trend; the force on the original lining
decreases while that on the umbrella arch increases, leading to further cracking. Between
500 and 1000 KN, the load-bearing capacity of the arch decreases significantly, prompting
the components to transition to a plastic state and commence degradation. Under load, the
stiffness of components 1, 2, and 3 decreases markedly, exhibiting brittle failure.

3.2. Reinforcement Performance of Reinforced Concrete

(1) Concrete strain at the variable cross-section

Strain measurements were obtained using strain gauges affixed to the umbrella arch
after collecting and analyzing the test data. The maximum compressive strains recorded
were —1021 pe and —1431 pe in the scenarios where 1/3 and 2/3 prefabricated crack
components, respectively, were reinforced by the umbrella arch under an external load of
950 KN. This suggests that the concrete experienced crushing under the external load it
was designed to withstand.

(2) Surface concrete strain near prefabricated cracks

The strain was measured by posting strain gauges near the prefabricated cracks, and
by collecting and sorting out the test data, the maximum compressive strains of concrete
near the prefabricated cracks were —715 pe and —985 pe when the 1/3 prefabricated crack
components and 2/3 prefabricated crack components were strengthened by the umbrella
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arch under the external load of 550 KN. When the external load is 950 KN, the maximum
compressive strain of the concrete near the prefabricated crack was —1669 pe and —2452 e,
respectively, when the 1/3 prefabricated crack component and 2/3 prefabricated crack
component are strengthened by the umbrella arch. Under the set load, the maximum
compressive strain of the surface concrete near the prefabricated crack meets the design
requirements and is not crushed. It can be concluded that the concrete is crushed under the
external load of its design.

(3) Distortion

As depicted in Figure 6a, components 1, 2, and 3 exhibit brittle failure under load,
with the rate of mid-span distortion increasing gradually as the load increases; additionally,
under consistent load conditions, mid-span distortion escalates with increasing crack
severity. Components 4 and 5 demonstrate relatively minor mid-span distortions prior to
failure as the load increases. When the load reaches 900 KN, the rate of increase in mid-span
distortion accelerates sharply, resulting in the failure of the component. Under the same
load conditions, mid-span distortion of the reinforced members intensifies as crack severity
increases. The mid-span distortions of components 1, 2, 3, 4, and 5 under the respective
loads measure 5.01 mm, 4.78 mm, 6.31 mm, 5.16 mm, and 5.48 mm, respectively.
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Figure 6. The variation of deflection and bending stiffness with load: (a) distortion; (b) bending stiffness.

As depicted in Figure 6b, as the load increases, the bending stiffness of the components
generally decreases. For component 4, stiffness decreases sharply from 0 to 1500 KN, and
cracking occurs along the prefabricated lines. Stiffness remains relatively stable between
1500 and 450 KN, during which the original lining and the umbrella arch are co-stressed,
resulting in cracks forming within the umbrella arch. Between 450 and 900 KN, the original
lining nears destruction. Concurrently, the arch, now bearing the load independently, shows
a gradual decrease in stiffness and further cracking. Beyond 900 KN, component stiffness
decreases sharply, leading to component failure. For component 5, stiffness decreases
sharply between 0 and 100 KN, with cracking occurring along the prefabricated lines.
Between 100 and 400 KN, stiffness remains relatively stable; however, as the original lining
and the umbrella arch are co-stressed, the arch bears a greater load, leading to additional
cracking. Between 400 and 850 KN, extensive cracking in the arch leads to a sharp decrease
in its load-bearing capacity, culminating in component failure. Stiffness in components 1, 2,
and 3 decreases sharply under load, exhibiting brittle failure.

4. Establishment of Numerical Test Model
4.1. Model Profile
To simulate the stress of the composite arch more realistically, the arch, the original

lining, and the waterproof plate in the model are simulated by entity units. Using hex-
ahedral meshes to divide entity units can effectively improve computing quality. This
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study mainly analyzes the force condition at the prefabricated cracks, so the grid at the
prefabricated cracks is encrypted. Figure 7a shows the original lining numerical model,
Figure 7b shows the 1/3 prefabricated crack lining, and Figure 7c shows the prefabricated
crack lining reinforced by the arch, and 2/3 prefabricated crack lining reinforced arch.

(a) (b)

Figure 7. Numerical model. (a) Original lining. (b) Prefabricated crack original lining. (c) Arch
reinforcement of prefabricated crack lining.
4.2. Material Parameter

The calculation parameters for concrete, steel bars, and steel fiber concrete are de-
termined based on the concrete structure design codes, the steel fiber concrete design
standards, and other relevant information, As shown in Table 1.

Table 1. Main physical and mechanical parameters of materials.

Elastic Modulus

Material Density (KN/m?) (Mpa) Poisson Ratio
C50 steel fiber-reinforced concrete 25.0 34,500 0.20
Steel reinforcement 78.5 200,000 0.30
C25 concrete 25.0 28,000 0.20
Waterproof plate 8.6 10 0.45

4.3. Material Constitutive Model
4.3.1. Concrete Constitutive Model

The total strain crack model in MIDAS/FEA can better reflect the mechanical properties
of concrete materials and steel fiber concrete materials. The Thorenfeldt compression model is
used for the compression model, and the brittle model is used for the tensile model.

(1) Compressive Constitutive Model

As shown in Figure 8, the Thorenfeldt compression curve illustrates the behavior of
concrete under compressive load. The Thorenfeldt compression model in MIDAS/FEA
effectively accounts for the compressive properties of concrete [24,25].

|

Figure 8. Thorenfeldt compression curve.
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(2) Tensile Constitutive Model

Due to the inherent properties of concrete, its tensile strength is relatively low. In
this study, the “Brittle model” from the tensile model in MIDAS/FEA is chosen as the
constitutive model for concrete under tension. As shown in Figure 9, when the tensile
stress in the material exceeds its design tensile strength, the tensile stress does not increase
further and drops to zero.

8]

Ji

- £

Figure 9. Brittle model.

4.3.2. Steel Constitutive Model

The von Mises model in MIDAS/FEA was used for the steel bar in this study. The
von Mises criterion comprehensively considers the stresses in different directions for
anisotropic materials and can be used to represent material strength under complex stress
states. Moreover, the von Mises model assumes that the yield behavior of materials follows
a linear elastic—plastic model, which is typically applicable to metallic materials. Based
on numerous references [26-29], the strain corresponding to the ultimate stress for the
reinforcing steel in this study is taken as 0.025, as shown in Figure 10.

600

400

Stress(Mpa)

200

) 5 10
Strain (107%)

Figure 10. Stress—strain curve of steel bar.

4.3.3. Contact Surface Configuration

This study primarily focuses on the contact surfaces between the linings, sleeve
arches, and waterproof boards. According to the relevant literature, the friction coefficient
between rubber and concrete ranges from 0.6 to 0.9. Based on relevant studies, the stiffness
adjustment coefficient is set to 1, and the friction coefficient is set to 0.6.
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4.4. Simulated Calculation Conditions

At both ends of the model, the displacements in the X, Y, and Z directions are con-
strained, and vertical loads are applied to both sides of the prefabricated cracks. In this
section, the strain in the concrete near the prefabricated cracks, the strain on the thinned
surfaces, and the displacement deflections of the pipes under various loads are analyzed
sequentially. Loading process: The vertical load increases by 50 KN per stage, and upon
reaching 1000 KN, the application of the load concludes.

5. Modeling Results
5.1. Reinforcement Performance of Different Materials at Variable Cross-Section

This study primarily investigates the reinforcing effects of two distinct materials—steel
fiber concrete and reinforced concrete—on varying degrees of lining crack damage at the
variable sections of the arch. The stress concentration areas of these materials at the variable
cross-sections are numerically analyzed, and the stress values at five characteristic points
(A, B, C, D, and E) are determined; each characteristic point is depicted in Figure 11. Due
to space constraints, only the load-stress curves for component 4, reinforced with two
different materials, are presented.

Figure 11. Numerical model.

Under varying load conditions, the load—stress correlation curves at Points A and
E are illustrated in Figure 12. The diagrams reveal that at Points A and E, the load and
stress for both materials—reinforced concrete and steel fiber concrete—are approximately
proportional. Under identical loading conditions, the stress in steel fiber concrete exceeds
that in reinforced concrete, though the difference is marginal.

o7 —=— Reinforced concrete 0
14 —eo— Steel fiber reinforced concrete Reinforced concrete
-2 o
o4 —o— Steel fiber reinforced concrete
—~ —~ 41
- <
g g i
E -4 Z -6
1 1
2
£-51 2 -8+
7] 7]
6]
~10
74
“124
_g
-9 T T T T T T -14 T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000
Load(KN) Load(KN)
(a) Point A (b) Point E

Figure 12. Relationship curve between load and stress.

Under varying load conditions, the load-stress correlation curves at Points B and C are
illustrated in Figure 13. The figure illustrates that, in the initial loading stages, the concrete
on both sides of the crack predominantly undergoes compression. Upon reaching a specific
load threshold, the compressive stress diminishes, and the arch, along with the original
lining, begins to share the load. However, as the load increases, the concrete transitions to a
tensile state, with tensile stress escalating primarily in the arch. Furthermore, the stress in
the reinforced concrete exceeds that in the steel fiber-reinforced concrete.
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Figure 13. Relationship curve between load and stress.

Under varying load conditions, the load-stress correlation curve at Point D is depicted.
As depicted in Figure 14, during the initial loading stages, the concrete at the composite
surface of the arch and lining primarily undergoes compression. Upon reaching a specific
load, the compressive stress diminishes. Concurrently, the arch and the original lining share
the load, resulting in cracks at the composite surface. As the load increases, cracks at the
composite surface continue to widen, and the concrete predominantly experiences tension.
Under identical design loads, the stress in reinforced concrete at concentrated stress regions
(A, B, C, D, and E) exceeds that in steel fiber-reinforced concrete by 16.15%, 6.01%, 12.68%,
36.62%, and 4.82%, respectively, the reinforcement performance of steel fiber-reinforced
concrete is superior to that of reinforced concrete. Additionally, this difference is more
pronounced in the mid-span region.

64 —=— Reinforced concrete
—o— Steel fiber reinforced concrete

T T T T
600 800 1000
Load(KN)

Stress(N/mm?)
(=}

Figure 14. Relationship curve between load and stress at Point D.

The reinforcement effects of two materials on various damaged linings were compared
and analyzed. During the initial loading stages, the overall stiffness of the reinforced
concrete damaged lining exceeds that of the steel fiber-reinforced concrete; however, as the
load increases, the overall stiffness of the steel fiber-reinforced concrete damaged lining
surpasses that of the reinforced concrete. The steel fiber-reinforced concrete damaged lining
undergoes plastic failure under the design conditions without component destruction,
whereas the reinforced concrete damaged lining incurs damage under the same conditions.
In the stress concentration areas (A, B, C, D, and E), the stress in the steel fiber-reinforced
concrete damaged lining is less than that in the reinforced concrete. Based on the analysis,
the reinforcement performance of steel fiber-reinforced concrete is superior to that of
reinforced concrete, with both materials meeting the structural stress requirements.
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5.2. Influence of Variable Section Thickness of Sleeve Arch on Reinforcement Performance

According to the experimental results, the material used at the variable section of the
arch is steel fiber concrete. To further explore the impact of the thickness of the variable
section on the reinforcement effectiveness of the steel fiber arch while adhering to building
constraints, the thickness varied (50 mm, 60 mm, 75 mm, 85 mm, and 100 mm) with all
other parameters held constant.

5.2.1. Reinforcement Performance of the Medium Crack Lining

As shown in Figure 15, the stress at Point A in a thin sleeve arch of varying thicknesses
is directly proportional to the load and inversely proportional to the thickness. In the initial
loading stages, the stress at Point A in thin arches of different thicknesses is approximately
uniform; however, as the load increases, the stress also gradually increases. Thin sleeve
arches with thicknesses of 50 mm, 60 mm, 75 mm, 85 mm, and 100 mm exhibit compressive
stresses at Point A of —7.942 N/mm?, —7.815 N/mm?, —6.707 N/mm?, —6.403 N/mm?,
and —4.903 N/mm?, respectively, when subjected to a load of 1000 KN.

—#— Scm thickness
—=e&— 6cm thickness
—&— 7.5cm thickness
—v— 8.5cm thickness
10cm thickness

Stress(N/mm?)
|
IS

T
0 200 400 600 800 1000
Load(KN)

Figure 15. Relationship curve between load and stress at Point A.

As depicted in Figure 16a, during the initial stages of loading, the thin arch at Point B
is predominantly subjected to compression. Upon reaching a specific load, the compressive
stress diminishes, and the arch, along with the original lining, begins to share the load. As
the load increases, the concrete at Point B primarily experiences tension, and the tensile
stress gradually escalates. At a load of 1000 KN, the thin arches at Point B with thicknesses
of 50 mm, 60 mm, 75 mm, 85 mm, and 100 mm exhibited tensile stresses of 0.503 N/mm?,
0.445 N/mm?, 0.382 N/mm?, 0.369 N/mm?, and 0.293 N/mm?, respectively.

0.6
0.157
—a— 5cm thickness —=— 5cm thickness
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041 —a—75¢m thickness 0107 47 5cm thickness
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Figure 16. Relationship curve between load and stress: (a) Point B; (b) Point D.
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As depicted in Figure 16b, during the initial stages of loading, the concrete in thin
arches of varying thicknesses is primarily compressed at the composite surface at Point D of
the arch and lining. Upon reaching a specified load, the compressive stress diminishes. As
the load increases, the concrete at the composite surface primarily experiences tension. At a
load of 1000 KN, thin arches at Point D with thicknesses of 50 mm, 60 mm, 75 mm, 85 mm,
and 100 mm exhibited tensile stresses of 0.094 N/mm?, 0.087 N/mm?, 0.080 N/mm?,
0.077 N/mm?, and 0.072 N/mm?, respectively.

5.2.2. Reinforcement Performance of the Severely Cracked Lining

As shown in Figure 17, the stress in thin sleeve arches of varying thicknesses at Point
A is directly proportional to the load and inversely proportional to the thickness. Despite
initial similarities, as the load increases, the stress gradually escalates. Thin sleeve arches at
Point A, with thicknesses of 50 mm, 60 mm, 75 mm, 85 mm, and 100 mm, exhibit compres-
sive stresses of —10.713 N/mm?, —10.450 N/mm?, —7.832 N/mm?, —7.625 N/mm?, and
—7.356 N/mm?, respectively, under a load of 1000 KN.

—=— Scm thickness
—=e— 6¢cm thickness
—&— 7.5cm thickness
—wv— 8.5cm thickness
10cm thickness

-4 -

Stress(N/mm?)
&
L

~10

-12 T T T T T
0 200 400 600 800 1000

Load(KN)

Figure 17. Relationship curve between load and stress at Point A.

As depicted in Figure 18a, during the initial stages of loading, the thin arch at Point B
is primarily subjected to compression. Upon reaching a specific load, the compressive stress
decreases, and the arch, along with the original lining, begins to share the load. As the load
increases, the concrete at Point B predominantly experiences tension, and the tensile stress
gradually escalates. At a load of 1000 KN, the thin arches at Point B with thicknesses of
50 mm, 60 mm, 75 mm, 85 mm, and 100 mm exhibited tensile stresses of 0.753 N/mm?,
0.715 N/mm?, 0.653 N/mm?, 0.611 N/mm?, and 0.471 N/mm?, respectively.
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Figure 18. Relationship curve between load and stress: (a) Point B; (b) Point D.
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As depicted in Figure 18b, during the initial stages of loading, the concrete at the
composite surface of the sleeve arch and lining is predominantly compressed. Upon
reaching a specified load, the compressive stress diminishes. As the load increases, the
concrete at the composite surface primarily experiences tension. At a load of 1000 KN, the
thin arches at Point D with thicknesses of 50 mm, 60 mm, 75 mm, 85 mm, and 100 mm
exhibited tensile stresses of 0.187 N/mm?, 0.171 N/mm?, 0.158 N/mm?, 0.150 N/mm?,
and 0.138 N/mm?, respectively.

6. Conclusions

In this study, the reinforcement effects of thin sleeve arches with various materials and
thicknesses on differently damaged linings are investigated through numerical simulations
and model testing. After organizing and analyzing the test data and simulation results, the
following conclusions are drawn:

(1) Comparative analysis of two kinds of materials for different damage lining rein-
forcement effects; both steel fiber-reinforced concrete and reinforced concrete can meet
the requirements of structural stress. In the early stages of loading, the overall stiffness of
damaged linings reinforced with reinforced concrete is greater than that of those reinforced
with steel fiber-reinforced concrete. However, as the load increases, the overall stiffness of
damaged linings reinforced with steel fiber-reinforced concrete becomes greater than that
of those reinforced with reinforced concrete. Additionally, damaged linings reinforced with
steel fiber-reinforced concrete exhibit plastic deformation under the design load without
experiencing failure; however, damaged linings reinforced with reinforced concrete fail
under the design load. In summary, the reinforcement performance of steel fiber-reinforced
concrete is superior to that of traditional reinforced concrete.

(2) Under the design load, the thin arches of different thicknesses are loaded on the
medium-cracked lining, which can meet the force requirements. Through comparative
analysis, under the same load, the 10 cm thin arch has the best reinforcement performance,
followed by 7.5 cm and 8.5 cm, and the 5 cm and 6 cm thin arches have the worst rein-
forcement performance. If only economic benefits are considered, 6 cm thin arches can
be used in the reinforcement of medium-cracked linings, but considering its long-term
reinforcement performance and economy, 7.5 cm is optimal.

In China, a significant number of operational tunnels have developed varying degrees of
cracking and water leakage over time, seriously threatening structural integrity and traffic
safety. In the field of tunnel lining reinforcement, the use of cast-in-place concrete arches is
common; however, the long construction period presents challenges in ensuring construction
quality. Experimental research on using prefabricated steel fiber-reinforced concrete arches
for reinforcing cracked linings in confined spaces indicates that steel fiber-reinforced concrete
has significant potential for the rapid and practical repair of deteriorated tunnels, and these
findings underscore the importance of promoting this technology in the field.
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