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Abstract

Tunnel lining models were cast at a 1:20 scale using four different materials: plain concrete
(PC), steel fiber-reinforced concrete (SFRC), reinforced concrete (RC), and rebar-reinforced
steel fiber-reinforced concrete (R/SFRC). Loading tests were performed on these models
before and after freeze–thaw cycles to investigate the failure modes, analyze the mechanical
behavior, and determine the optimal reinforcement scheme in this study. The results
indicated that freeze–thaw cycling reduced the load-bearing capacity of tunnel linings
by 12% to 28% compared to non-freeze–thaw linings. Adding steel fibers significantly
enhanced the ductility of the lining models. The mechanical performance of linings with
an optimal steel fiber content surpassed that of models with either increased rebar alone or
steel fibers alone. In this study, an optimal combination of a 0.36% rebar ratio and a 1.5%
steel fiber volume fraction effectively improved the tensile performance of the lining while
reducing rebar consumption, without compromising the inherent mechanical performance
of the tunnel structure.

Keywords: freeze–thaw cycles; steel fiber-reinforced concrete (SFRC); mechanical behavior;
scaled model

1. Introduction
Driven by rapid economic development and national strategies such as the “Belt and

Road” Initiative and the “Yangtze River Economic Belt,” tunnel construction in colder
regions of China has seen a significant increase in both number and scale. This expansion,
however, presents substantial engineering challenges. A primary concern is the deteriora-
tion of concrete caused by freeze–thaw cycles, which is major reason for failure in colder
climates [1,2]. Concrete with inadequate durability suffers progressive microstructural
damage under repeated freezing and thawing, leading to reduced service life, increased
maintenance costs, and compromised economic viability [3].

To address performance degradation and structural failure in tunnels under freeze–thaw
action, researchers have conducted extensive studies. Experimental work has focused on
strength deterioration patterns [4] and the failure modes of lining structures [5], while
numerical simulations have been employed to analyze the service performance evolution
of linings under such conditions [6].
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Concurrently, the development of advanced materials offers potential solutions.
Among these, steel fiber-reinforced concrete (SFRC) has attracted significant interest for
performance enhancement [7–9]. Research indicates that freeze–thaw cycles damage the in-
ternal structure of SFRC, affecting its stress–strain response [10] and leading to quantifiable
damage evolution, which can be modeled effectively [11].

As the number of freeze–thaw cycles increases, plain concrete develops a crack network
with a loosened microstructure. In contrast, the incorporation of steel fibers restricts crack
propagation, demonstrating a pronounced strengthening and crack-resisting effect. Ref. [12]
enhanced properties such as splitting tensile strength and frost durability life [13]. Notably,
the mitigating effect of fibers on freeze–thaw damage is content-dependent; higher fiber
dosages better preserve dynamic tensile performance [14] and reduce crack permeability in
damaged concrete [15]. This protective role of steel fibers against performance degradation
and durability loss under freeze–thaw cycles has been consistently confirmed [16–18], with
demonstrated improvements in mechanical properties [19,20]. Critically, an optimal fiber
volume fraction (e.g., 1.5%) has been identified to significantly retard the frost damage
deterioration process [21].

While considerable research has been conducted on SFRC under freeze–thaw cy-
cles, critical gaps persist. Specifically, experimental data on the structural response and
failure mechanisms of integral tunnel linings in cold regions under combined thermo-
mechanical loading are lacking. Furthermore, existing studies on the mechanical and
durability properties of SFRC are primarily confined to standard ambient conditions, with
insufficient attention to its performance in the extreme composite environment typical
of cold regions—characterized by high geostatic stress, sustained low temperatures, and
cyclic freeze–thaw action. To address these gaps, this study investigates four lining struc-
ture types: PC, RC, SFRC, and R/SFRC. This study elucidates the damage evolution process
and failure modes of such linings through scaled model tests, ultimately identifying the
optimal hybrid reinforcement configuration that achieves superior structural performance
in the proposed design.

2. Construction of Scaled Tunnel Structure Models
2.1. Design of the Tunnel Structure Model Test

This study utilizes a tunnel in Gannan Tibetan Autonomous Prefecture, Gansu
Province, as the engineering background. The prototype tunnel is approximately 930 m
in total length, corresponding to a medium-length tunnel. The site is characterized by a
high-altitude, cold, and humid climate, with an annual average temperature of 4.6 ◦C. The
highest and lowest monthly average temperatures are 14.8 ◦C (July) and −7.6 ◦C, respec-
tively, at an altitude of about 3300 m. Guided by the cross-sectional design requirements
stipulated in the Specifications for Design of Highway Tunnels, Section 1: Civil Engineering
(JTG/T 3370.1-2018) [22], and considering the experimental objectives and constraints, the
original lining dimensions were optimized and geometrically scaled. A scaling ratio of 1:20
was applied to the lining thickness, resulting in a model thickness of 40 mm to facilitate
casting and compaction. The longitudinal length of the model was set to 80 cm. Figure 1
presents the scaled tunnel model. A dedicated steel mold was fabricated according to the
scaled dimensions for casting the lining segments. The mold was constructed from 5 mm
thick steel plates. Holes with a diameter of 10 mm were drilled into these plates. The
mold had a longitudinal dimension of 800 mm. At each longitudinal end, a 40 mm wide
steel plate strip (accounting for the lining thickness) was welded. The holes on these end
strips were centered. Schematic diagrams detailing the mold components are provided
in Figure 2.
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Figure 1. Tunnel cross section (scale 1:20).

Figure 2. Schematic of the tunnel lining formwork cross-section.

2.2. Casting of Tunnel Models

Tunnel lining models were fabricated on a 1:20 geometric scale. The base concrete
matrix comprised 10% silica fume, a water to binder ratio (w/b) of 0.40, and 1% superplas-
ticizer. Steel fibers (1.5% by volume) were added to produce SFRC. Four lining types were
cast: (i) PC using the base matrix; (ii) RC, ρ = 0.45% using the base matrix; (iii) SFRC; and
(iv) R/SFRC, ρ = 0.36%.

The tunnel lining models were cast following a standardized procedure. The key
construction steps comprised formwork erection, installation of steel wire mesh, mixing
of concrete (including SFRC variants), internal manual vibration combined with external
mechanical vibration of the forms, demolding, and curing. The overall casting process is
documented in Figure 3.
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(a) Assembly of inner steel formwork (b) Installation of steel wire mesh 

(c) Batching of casting materials (d) Mixing of materials 

  
(e) Manual internal vibration (f) Mechanical external vibration of formwork 

  
(g) Demolding process of tunnel model (h) Completed demolding of tunnel model 

Figure 3. Schematic diagram of the complete tunnel model casting process.
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2.3. Similitude Relationships and Test Materials

Based on similarity theory, the scaling factors for the physical quantities were calcu-
lated and are presented in Table 1. Key parameters, including stiffness, strength, load,
and elastic resistance coefficient, all satisfy the similarity requirements. However, due
to the complexity of model similitude, the concrete density and steel fiber dimensions
deviate from strict similarity theory. Provided that the influence of self-weight is neglected,
prototype materials can still be adopted in the model test. This approach ensures that the
model test effectively simulates the actual working conditions, accurately reproducing the
mechanical behavior and damage characteristics of the concrete lining.

Table 1. Model test materials.

Mineral
Admixture

Cementitious
Material Fine Aggregate Coarse Aggregate Steel Fiber Superplasticizer

Silica Fume Cement
Natural River
Sand (fineness
modulus: 2.6)

Coarse Aggregate (maximum
aggregate size did not exceed

20 mm or two thirds of the
steel fiber length)

Milled Steel Fiber
(length: 25–35 mm;
diameter: 2.45 mm)

Polycarboxylate-
Based

Superplasticizer

The similitude ratios for key physical parameters, derived from similitude theory, are
summarized in Table 2. The listed parameters, including stiffness, strength, applied load,
and the coefficient of elastic resistance, all satisfy the established similitude criteria.

Table 2. Similitude ratios of physical parameters for test materials.

Property Physical
Quantity Unit Similitude

Ratio Property Physical
Quantity Unit Similitude Ratio

Material

Stress MPa Cσ = 1

Geometry
and

Loading

Dimensions m CL = 20

Young’s
Modulus GPa CE = 1 Displacement m Cδ =

CσCL
CE

= 20

Density Kg/m3 Cρ = 1 Concentrated
Force N CF = CσC2

L = 400

Strain — Cε = 1 Bending
Moment N.m CM = CσC3

L = 8000

Poisson’s
Ratio — Cµ = 1

Coefficient of
Elastic

Resistance
N/m3 Ck =

Cσ
Cδ

= 0.05

Note: Physical quantities for steel fiber materials are actual values.

3. Freeze–Thaw Cycling and Loading Tests on a Tunnel Structure Model
3.1. Freeze–Thaw Cycle Test Design

To investigate the mechanical performance of four tunnel lining types under cold
region freeze–thaw cycles, seven scaled models were fabricated. The test series included
one PC model (S1), two RC models (S2-1, S2-2), two SFRC models (SF1-1, SF1-2), and two
R/SFRC models (SF2-1, SF2-2). The experimental matrix detailing model type, number of
freeze–thaw cycles, material composition, and exposure condition is provided in Table 3.
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Table 3. Freeze–thaw cycle test matrix for tunnel structure models.

Model Types
of Tunnel
Structures

Specimen ID
Number of

Freeze–Thaw
Cycles

Silica
Fume

Content

SF Volume
Fraction

Water
Binder
Ratio

Reinforcement
Ratio

Freeze–Thaw
Condition

PC S1 0 0 0 0.40 0 NO

RC
S2-1 0 0 0 0.40 0.45% NO
S2-2 100 0 0 0.40 0.45% YES

SFRC
SF1-1 0 10% 1.5% 0.40 0 NO
SF1-2 100 10% 1.5% 0.40 0 YES

R/SFRC
SF2-1 0 10% 1.5% 0.40 0.36% NO
SF2-2 100 10% 1.5% 0.40 0.36% YES

Note: S1: PC. S2: RC with a longitudinal reinforcement ratio of 0.45%, composed of 45 steel wires each with a
diameter of 2 mm. SF1: SFRC containing 1.5% steel fibers by volume. SF2: R/SFRC, incorporating 1.5% steel
fibers by volume and a longitudinal reinforcement ratio of 0.36% provided by 37 steel wires (2 mm diameter).

Upon completion of curing, the tunnel structural models were subjected to freeze–thaw
testing in a temperature/humidity environmental chamber, as specified in Table 3. The
chamber features a working volume of 1800 mm (D) × 2500 mm (W) × 1800 mm (H), with
a controllable temperature range of −50 ◦C to +150 ◦C and a relative humidity range of
20% to 98% RH.

The temperature gradient settings of the climatic test chamber comply with the tech-
nical requirements specified in the Standard for Test Methods of Long-Term Performance
and Durability of Ordinary Concrete (GB/T 50082-2009) [23]. A corresponding rapid
freeze–thaw cycle test protocol was established. Figure 4 presents the temperature time-
history curve of multiple freeze–thaw cycles within a 24 h period, along with synchronously
monitored temperature variations at the specimen center. One complete cycle was selected
for detailed analysis: Figure 5 illustrates the dynamic response between the chamber-
controlled temperature and the specimen core temperature during this cycle. To further
characterize the temperature gradient, Figure 6 depicts the gradient evolution on the cham-
ber side, while Figure 7 presents the corresponding gradient evolution at the specimen
center. The coupled analysis of these Figures reveals the differential thermal response
between the chamber control and the internal temperature field of the specimen during
freeze–thaw cycling.

Figure 4. Illustrates the temperature variation in the freeze–thaw apparatus over a 24 h cycle.
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Figure 5. Presents the temperature evolution of the freeze-thaw apparatus and the specimen center
over time.

Figure 6. Presents the temperature profile of the freeze-thaw apparatus over one cycle.

  
Figure 7. Presents the temperature gradient of the specimen center over one cycle.
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3.2. Loading System for Tunnel Models

A reaction frame was adapted as the loading system (Figure 8) to simulate simultane-
ous vertical and lateral pressures on the lining. The vertical load (simulating overburden)
was applied by hydraulic jacks and transferred through steel rods to rigid bearing plates,
ensuring a uniform stress distribution. Lateral confining pressure (representing rock mass)
was controlled by symmetric servo hydraulic jacks via steel rods.

 
Figure 8. Reaction frame for tunnel lining loading.

This system provided three key capabilities: (1) synchronized biaxial loading via
coupled servo control (±0.05 MPa sync precision); (2) real-time, full-field DIC monitoring
(50 Hz sampling); and (3) realistic replication of in situ tunnel stress states (validated by
stress path similarity >95%).

3.3. Experimental Loading Protocol

A progressive loading technique was employed. The confinement effect of the sur-
rounding rock on the tunnel support system was simulated using load transfer rods
installed on both sides of the lining. Bearing plates (50 cm × 10 cm) at the rod lining
interfaces ensured uniform load transfer. The load was applied through the top rods and
progressively increased to monitor and analyze the mechanical evolution of the four lining
systems during progressive failure, with a focus on comparing their failure modes and
underlying mechanisms.

A load structure model was applied. The vertical load was applied in increments
of 50 kPa. The lateral load increased simultaneously, maintained at a constant ratio of
0.7 times the vertical load to simulate the lateral rock confinement. Each load level was
sustained for 1–2 min to allow for the observation of crack initiation and propagation until
complete structural failure occurred. This protocol characterized the structural behavior
under simulated rock pressure, providing a basis for optimized design.

https://doi.org/10.3390/app16073178

https://doi.org/10.3390/app16073178


Appl. Sci. 2026, 16, 3178 9 of 22

3.4. Theoretical Background

Kirsch‘s equation [24] is a commonly used empirical formula for estimating the lateral
pressure coefficient K, as given in Equation (1).

K =
1 − sinϕ

1 + sinϕ
(1)

Here, ϕ represents the internal friction angle of the surrounding rock. The coefficient
of lateral earth pressure (K) typically ranges from 0.4 to 0.7, and was taken as the upper
bound value of 0.7 in this test.

4. Analysis of Mechanical Characteristics of Tunnel Lining
Structural Models
4.1. Loading Process and Failure Modes of Tunnel Lining Structures

(1) Failure of S1 Tunnel Lining Models

As shown in Figure 9, the test results indicate that instability failure occurred at the
13th loading stage, with a vertical load of 597 kPa. Figure 10 shows the failure state of the
S1 tunnel lining model.

Figure 9. S1 Tunnel lining model loading process.

 

Figure 10. S1 Tunnel lining model failure state.

(2) Analysis of the Failure Process in S2 Tunnel Lining Models

Figure 11 illustrates the vertical load application process for the S2-1 and S2-2 tunnel
lining specimens.
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(a) 

 
(b) 

Figure 11. Loading curve of the RC tunnel lining model: (a) S2-1 tunnel lining crown; (b) S2-2 tunnel
lining crown.

The test data show that specimens S2-1 and S2-2 failed due to instability at the 8th
and 7th loading stages (excluding observation pauses), respectively. The corresponding
vertical loads at the lining crown were 920 kPa for the unfrozen condition and 718 kPa for
the frozen condition. This result indicates a 28% higher bearing capacity in the unfrozen
state compared to the frozen condition. Figure 12 shows the final failure pattern of S2-1
and S2-2 tunnel lining models.

 

Figure 12. Final failure pattern of S2-1 and S2-2 tunnel lining models.
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(3) Analysis of Failure Process in SF1 Tunnel Lining Models

Figure 13 shows the vertical load application process for the SF1-1 and SF1-2 tunnel
lining specimens.

 
(a) 

 
(b) 

Figure 13. Loading curve of the SFRC tunnel lining model: (a) SF1-1 tunnel lining crown; (b) SF1-2
tunnel lining crown.

The failure progression of tunnel lining specimens SF1-1 and SF1-2 is detailed in
Figure 14. Test data indicate that failure occurred at the 8th loading stage (including
observation pauses). At this stage, the vertical crown loads were 876 kPa (unfrozen) and
748 kPa (frozen), corresponding to a 17% higher bearing capacity in the unfrozen condition.

Figure 15 illustrates the vertical load application process for tunnel lining specimens
SF2-1 and SF2-2.

https://doi.org/10.3390/app16073178
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Figure 14. Final failure pattern of SF1-1 and SF1-2 tunnel lining models.

(4) Analysis of Failure Process in SF2 Tunnel Lining Models

 
(a) 

 
(b) 

Figure 15. Loading curve of the R/SFRC tunnel lining model: (a) SF2-1 tunnel lining crown; (b) SF2-2
tunnel lining crown.
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The failure progression of tunnel lining specimens SF2-1 and SF2-2 is detailed in
Figure 15. Test data indicate that the unfrozen specimen failed at the 8th loading stage
(including observation pauses), attaining a vertical crown load of 1148 kPa. In comparison,
the frozen specimen failed at the 9th loading stage (including observation pauses), reaching
a crown load of 1028 kPa—corresponding to a 12% higher bearing capacity for the unfrozen
condition. Figure 16 shows the failure mode of tunnel lining models SF2-1 and SF2-2.

 

Figure 16. Failure mode of tunnel lining models SF2-1 and SF2-2.

For comparative viewing, the post-failure diagrams of the seven tunnel lining struc-
tural models are arranged together, as shown in Figure 17.

   
S1: PC S2-1: Non-freeze–thaw RC S2-2: Freeze–thaw cycled RC 

    
SF1-1: Freeze–thaw cycled 

SFRC 
SF1-2: Non-freeze–thaw 

SFRC 
SF2-1: Non-freeze–thaw 

R/SFRC 
SF2-2: Freeze–thaw cycled 

R/SFRC 

Figure 17. Loading and failure states of the tunnel lining models.

https://doi.org/10.3390/app16073178

https://doi.org/10.3390/app16073178


Appl. Sci. 2026, 16, 3178 14 of 22

4.2. Comparative Analysis of Lining Models Under Freeze–Thaw and Non-Freeze–Thaw Conditions

1. Bearing Capacity Ranking and Deterioration Pattern: Under non-freeze–thaw condi-
tions, the ultimate bearing capacities of the models rank as SF2-1 > S2-1 > SF1-1 > S1.
Following freeze–thaw cycles, this order shifts to SF2-2 > SF1-2 > S2-2 > S1. The results
indicate that freeze–thaw action significantly deteriorates the mechanical properties
of the structures, leading to a general reduction in bearing capacity and altering
the ranking. This underlines the more pronounced weakening effect of freeze–thaw
environments on reinforced concrete structures.

2. Comparative Effectiveness of Strengthening: Relative to the PC benchmark, the
bearing capacities of models S2-1, SF1-1, and SF2-1 increased by 54%, 47%, and
92%, respectively, under non-freeze–thaw conditions. After freeze–thaw exposure,
the corresponding increases for S2-2, SF1-2, and SF2-2 dropped to 20%, 25.3%, and
72.2%. Although the strengthening measures remain effective post-freeze–thaw, their
enhancement effect is attenuated. Notably, the most significant reduction in the
capacity enhancement rate was observed in the RC structure (S2-2).

3. Comparative Performance of RC vs. SFRC: Under identical reinforcement ratios
and steel fiber volume fractions, the bearing capacity of RC exceeds that of SFRC by
5% under non-freeze–thaw conditions, highlighting the strengthening advantage of
continuous reinforcement. However, after freeze–thaw cycling, the bearing capacity of
SFRC surpasses that of reinforced concrete by 4.2%. This reversal indicates that SFRC
not only has the potential to substitute conventional RC but also exhibits superior
durability in resisting freeze–thaw deterioration.

4. Model SF2-1 (R/SFRC) exhibits the highest bearing capacity under non-freeze–thaw con-
ditions, demonstrating the additive effect of hybrid reinforcement. Post-freeze–thaw,
model SF2-2 retains the highest bearing capacity and a maximum enhancement rate
of 72.2%, confirming that incorporating an appropriate amount of steel fibers, even
with a reduced reinforcement ratio, not only compensates for capacity loss but also
effectively enhances crack resistance and ductility under freeze–thaw exposure.

5. Although SFRC demonstrates superior bearing capacity after freeze–thaw compared
to RC, cracks tend to propagate along fiber–matrix interfaces or through weak zones
between fibers due to the discontinuous distribution of steel fibers within the matrix.
This micro-mechanism fundamentally determines that, despite exhibiting favorable
toughness and frost resistance macroscopically, SFRC differs essentially from continu-
ous RC in terms of crack control and structural integrity.

4.3. Structural Analysis of Tunnel Lining Models

Figures 18 and 19 summarize the loading-to-failure behavior of seven tunnel lining
models (S1, S2-1, S2-2, SF1-1, SF1-2, SF2-1, and SF2-2), encompassing both non-freeze–thaw
and freeze–thaw specimens. The key findings are as follows:

1. The ultimate bearing capacity ranks in the order: SF2-1 > SF2-2 > S2-1 > SF1-1 >
SF1-2 > S2-2 > S1.

2. As shown in Figure 19, the percentage increase in bearing capacity relative to the plain
concrete (S1) lining follows the sequence: SF2-1 > SF2-2 > S2-1 > SF1-1 > SF1-2 > S2-2.
The results indicate a significant reduction in structural capacity due to freeze–thaw
action, with reductions of up to 20% observed under identical conditions.

3. The discontinuous distribution of steel fibers forces cracks to propagate through the
intervening concrete matrix. Consequently, fracture morphology and failure surfaces
reveal that steel fiber-reinforced concrete exhibits brittle failure analogous to plain
concrete, with post-freeze–thaw brittleness becoming markedly more pronounced.
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Notably, failure in plain steel fiber-reinforced concrete specimens occurs as brittle
fracture of the concrete matrix between non-continuous fibers.

4. In the reinforced tunnel lining models, the continuity of the steel reinforcement
substantially improved structural ductility under freeze–thaw conditions. Therefore,
based on the experimental data from both non-freeze–thaw and freeze–thaw tunnel
lining model tests, the optimal structural configuration among the tested models is
identified as steel bar and steel fiber-reinforced concrete.

Figure 18. Ultimate load capacity of the tunnel lining.

Figure 19. Percentage increase in bearing capacity relative to PC.
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5. Analysis of Mechanical Behavior in the Optimal Tunnel Lining Structure
Analysis of the internal force evolution in structures can effectively reveal the stage-

wise characteristics and governing indicators of the damage process, providing a theoretical
basis for the design of SFRC tunnel linings. The axial force and bending moment of the
lining section can be calculated from the strains measured on its inner and outer surfaces
using Equations (2) and (3).

N = σA =
E
(

εinner + εsur f ace

)
bh

2
(2)

M = σW =
E
(

εinner − εsur f ace

)
bh2

12
(3)

where N is the axial force of the section (KN), M is the bending moment of the section
(KN.m), σ is the stress of the section (MPa), A is the cross-sectional area (m2), W is the
section modulus (m3), E is the elastic modulus of the tunnel lining concrete (MPa), εinner is
the strain on the inner surface of the tunnel lining, εsur f ace is the strain on the outer surface
of the tunnel lining, b is the longitudinal unit length of the tunnel lining (m), and h is the
thickness of the tunnel lining (m).

To further elucidate the internal force evolution of the hybrid steel bar and R/SFRC
lining—previously identified as the optimal solution-and to establish a theoretical basis
for engineering design, the internal forces developed during loading were analyzed for
both unconditioned and freeze–thaw-exposed specimens. Strain data from the inner and
outer surfaces at seven selected monitoring sections were obtained during testing. These
data were substituted into Equations (2) and (3) to calculate the axial forces and bending
moments at these sections throughout the loading process. The analysis focused on the
variation patterns in key regions: the vault, haunch, and invert. The variations in internal
forces with loading at these critical sections are presented in Figures 20 and 21.

Figure 20 illustrates the variation in axial forces at different sections of the tunnel lining
under progressive vertical loading, comparing responses before and after F-T exposure.
The results are as follows:

1. During the initial elastic stage, the axial force increased linearly with the vertical
load. The first tensile cracks initiated at the inner side of the vault at vertical loads of
approximately 24 KN (non-F-T) and 20 KN (F-T conditioned), respectively, inducing
noticeable oscillations in the axial force curves.

2. With a further increase in load, a second tensile crack emerged in the right invert area,
leading to a gradual transition in the axial force curves from linear to nonlinear. The
subsequent formation of a third crack in the left haunch region indicated a shift in the
primary cracking zone toward the haunch.

3. Continued loading prompted the formation of plastic hinges between the arch foot
and the invert, which significantly altered and intensified the internal axial force
distribution. The axial force rose sharply, peaking simultaneously in both the vault and
arch foot regions, thereby identifying these as the critical zones governing structural
performance. After the vertical load reached approximately 65 KN (non-F-T) and 55
KN (F-T conditioned), respectively, all lining sections entered the failure stage, marked
by a definitive decrease in axial force indicating structural unloading and collapse.
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(a) 

 
(b) 

 
(c) 

Figure 20. Cont.
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(d) 

Figure 20. Axial forces at different sections of the tunnel lining before and after freeze–thaw expo-
sure: (a) axial force at vault and haunch sections after 0 freeze–thaw cycles; (b) axial force at vault
and haunch sections after 0 freeze–thaw cycles; (c) axial force at vault and haunch sections after
100 freeze–thaw cycles; (d) axial force at vault and haunch sections after 100 freeze–thaw cycles.

Figure 21 illustrates the variation in bending moments at critical sections of the tunnel
lining under progressive vertical loading, comparing responses with and without prior
F-T conditioning.

1. During the initial elastic stage, the bending moment increased linearly with the ver-
tical load, indicating negligible structural damage. Upon reaching vertical loads of
approximately 24 KN (non-F-T) and 20 KN (F-T conditioned), respectively, crack initi-
ation at the vault triggered internal force redistribution, resulting in slight deviations
from linearity in the bending moment curves.

2. The propagation of cracks led to a divergence in the bending moments developed at
the invert, haunch, and arch foot sections. As illustrated, positive bending moments
were recorded at the vault (Section 1) and invert (Sections 4 and 5), corresponding
to compression on the outer face and tension on the inner face. Conversely, negative
bending moments were observed at the haunch (Sections 2 and 7) and arch foot
(Sections 3 and 6), indicating tension on the outer face and compression on the
inner face.

3. With a further increase in load beyond approximately 45 KN (non-F-T), crack devel-
opment intensified, particularly in the vault and invert regions. The bending moment
curves exhibited significant oscillations at key sections, followed by a rapid increase
as the load approached the ultimate state. Upon entering the failure stage, the overall
growth rate of the bending moments slowed or declined, indicating that progressive
cracking and the formation of plastic hinges reduced the structural stiffness and
altered the internal force redistribution mechanism.
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(d) 

Figure 21. Bending moments at different sections of the tunnel lining before and after freeze–thaw
exposure: (a) bending moment at the vault and haunch sections before freeze–thaw exposure;
(b) bending moment at the vault and haunch sections before freeze–thaw exposure; (c) bending
moment at the vault and haunch sections after freeze–thaw exposure; (d) bending moment at the
vault and haunch sections after freeze–thaw exposure.

A comparative analysis of the axial force and bending moment curves in Figures 20 and 21
for key lining sections under vertical loading, before and after F-T exposure, yielded the
following insights:

1. During the initial loading stage, both the axial force and bending moment increased
nearly proportionally with the applied load for both conditions, indicating a predomi-
nantly linear-elastic material response with negligible damage accumulation.

2. Throughout the entire loading history, the development of internal forces was more
gradual and sustained significantly higher load levels in the non-F-T-conditioned lin-
ing compared to its F-T-exposed counterpart. This demonstrates that the freeze–thaw
cycles notably increased material brittleness and reduced the structural ductility.

3. The observed mechanical behavior, coupled with the crack propagation patterns,
indicates that the incorporation of steel fibers effectively delayed the sudden brit-
tle fracture of the lining sections. This confirms that a suitable volume fraction
of steel fibers can enhance structural ductility and suppress crack propagation in
tunnel linings.

6. Conclusions
Systematic bearing-capacity tests were conducted on scaled tunnel lining models

based on a cold-region tunnel project in Gansu Province, China. During testing, the applied
load, along with strain and displacement data at key locations (vault, haunch, arch foot, and
invert), was monitored in real time. Analysis of the data revealed the structural response
and deformation patterns. The main conclusions are as follows:

1. The vault and arch foot were identified as the most vulnerable zones, being the first
to exhibit cracks of varying severity. The stress state at the arch foot was particularly
complex, leading to pronounced crack propagation, typically in a triangular pattern,
and resulting in severe damage.

2. Compared to the non-freeze–thaw (F-T)-conditioned specimens, F-T cycles increased
the brittleness and reduced the ultimate bearing capacity of the lining. Although the
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addition of steel fibers improved overall ductility, crack propagation still occurred
through the concrete matrix between the fibers. All steel-reinforced models demon-
strated significantly higher bearing capacity and ductility than their unreinforced
counterparts. Compared to non-freeze–thaw SFRC (SF1-2), the load-bearing capacity
of freeze–thaw-cycled R/SFRC (SF2-2) increased by approximately 37.4%.

3. Under the specific reinforcement ratio and steel fiber volume fraction conditions
adopted in this test, the load-bearing capacity of reinforced concrete was 4.2% lower
than that of plain steel fiber-reinforced concrete, indicating that steel fiber-reinforced
concrete structures can serve as a viable alternative to traditional reinforced con-
crete structures at certain fiber volume fractions. Furthermore, the fiber-reinforced
specimens exhibited superior freeze–thaw resistance and enhanced crack resistance,
thereby improving the relative ductility of the structure under freeze–thaw conditions.
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