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Abstract: In recent years, steel fiber-reinforced concrete (SFRC) single-layer linings have been used
in tunnel engineering. Compared to plain concrete single-layer linings, SFRC single-layer linings
demonstrate enhanced bearing capacity, durability, and sustainability. Existing studies primarily
focused on the mechanical properties of SFRC; however, limited investigations have been conducted
on the cracking pattern of SFRC linings. This study uses laboratory tests to examine the influence
of steel fiber content and aspect ratio on the mechanical properties of concrete, such as compressive
strength and elastic modulus. After the recommended content and aspect ratio of steel fiber are pro-
posed through tests, the cracking pattern and safety performance of plain concrete and SFRC linings
under surrounding rock pressure are studied using a similar model test. The test results indicate that
the recommended steel fiber volume fraction and aspect ratio for CF35 SFRC are 0.58% and 70, re-
spectively. Due to the effect of loose load, cracks initially develop on the inside of arch crowns in both
plain concrete and SFRC single-layer linings. Subsequently, new cracks appear on the inside of the
lining floor and the outside of the two wall feet. Numerous narrow cracks with rugged and winding
expansion paths can be found on SFRC single-layer linings. Conversely, plain concrete single-layer
linings exhibit fewer cracks with larger widths along a straighter path. The initial cracking load of a
single-layer lining made of plain concrete is 0.027 MPa, whereas for a single-layer lining made of
SFERC, it is 0.04 MPa. This indicates that SFRC can effectively enhance the initial cracking load of
lining structures. In the event of damage to the lining, the most critical area for the plain concrete
single-layer lining is at the two wall feet, where the minimum safety factor is 1.66. However, for the
SFRC lining in the same location, the safety factor is 2.7, resulting in a 62.7% increase in safety.

Keywords: tunnel; single-layer lining; steel fiber-reinforced concrete; similar model test;

cracking pattern

1. Introduction

Steel fiber-reinforced concrete (SFRC) is a composite material that integrates short
steel fibers into plain concrete in a random manner [1]. In recent years, SFRC has gained
more and more popularity as a construction material [2,3] due to its superior mechanical
properties, such as enhanced bearing capacity, durability, and cracking resistance. In tunnel
construction, the single-layer lining was first proposed as a new support system in the
1970s. This lining system consists of single- or multi-layer concrete structures in which
the primary support layer and the lining layer are integrated as a single entity, forming a
support system capable of efficiently transferring stress between layers.

In tunnel construction, support linings composed of plain concrete structures are
susceptible to excessive damage due to the brittleness of the material. For example, tunnel
linings in high seismic intensity fault zones or weak surrounding rock regions are more
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prone to cracking [4,5]. In contrast, as previously mentioned, SFRC tunnel lining structures
exhibit superior mechanical properties [6-8]. The use of an SFRC lining enables the structure
to maintain its deformation-resistant capability despite the presence of cracking, thereby
enhancing overall structural performance. Additionally, the construction of SFRC single-
layer linings is both convenient and cost-effective, rendering them an attractive option as a
support structure in tunnel construction.

Extensive research has been conducted on the effect of steel fiber on concrete perfor-
mance owing to the good performance of SFRC. It has been demonstrated that integrating
steel fiber into concrete can improve compressive strength, the elastic modulus, and flexural
strength [9-12]. Abbass et al. [13] investigated the effect of steel fibers with different lengths
and diameters on the mechanical properties of concrete. The test results showed that the
addition of steel fibers with varying content and lengths, along with increasing water-to-
cement ratios, could increase compressive strength by approximately 10-25% and direct
tensile strength by about 31-47%. Khabaz [14] proposed that when smooth and straight
steel fibers are added to the concrete matrix, the bond between the fiber and the concrete
is weak under tensile force. However, the bond strength between the fiber and concrete
is enhanced when non-straight steel fibers are used. Zhang et al. [15] investigated the
effect of three different steel fiber shapes on the mechanical properties of concrete through
laboratory tests, discovering that the corrugated steel fiber had the most beneficial effect on
compressive strength, splitting tensile strength, shear strength, and flexural strength. At
the same time, the calculation formulas for compressive strength, splitting tensile strength,
shear strength, and flexural strength were established and verified according to the test
results. Al-Masoodi et al. [16] showed that steel fibers with rough surfaces can effectively
four kinds of straight steel fibers with different aspect ratios and two kinds of steel fibers
with different shapes. The test results showed that as the steel fiber content increased, the
workability decreased. However, with a continuous increase in steel fiber content, there is
a continuous improvement in the mechanical properties and fracture properties of concrete.
Liao et al. [18] indicated that, given the same fiber content, the optimal aspect ratio for
SERC to achieve the highest compressive strength was 50. In some harsh environments,
steel fibers can also improve the durability of concrete. Niu et al. [19] suggested that an
appropriate amount of steel fiber could delay the deterioration process of concrete under
freeze-thaw cycles and reduce the propagation speed of concrete cracks. However, when
the volume content of steel fiber exceeds 2%, it may have detrimental effects on the bond
strength. Recent studies have shown that combining different fiber types can improve
concrete performance in various aspects. Xu et al. [20] proposed that high fiber content
in concrete may lead to ineffective fiber interweaving and that a mixture of 1.5 kg/m?
cellulose fiber and 1.0 kg/m3 polyvinyl alcohol fiber can better strengthen the mechanical
strength of concrete. In addition to the mixed use of different types of steel fibers, SFRC
showed better performance in terms of tensile strength and toughness than plain concrete
when the ratio of steel fiber length to the maximum particle size of coarse aggregate ranged
between 1.25 and 3; favorable compatibility between large particle size coarse aggregate
and long steel fibers was also found [21,22]. Ige et al. [23] pointed out that SFRC with a
maximum coarse aggregate size of 10 mm has better mechanical properties regardless of
the type of steel fiber.

Steel fiber concrete has emerged as a competitive building material and is widely used
in various engineering applications. In particular, fiber-reinforced concrete (FRC) when
used in tunnel linings can enhance the structural performance of the tunnel and potentially
replace conventional steel bars, thereby reducing the total cost of the project [24,25]. To
enhance the construction efficiency and safety of tunnels, Johnson et al. [26] suggested
that high-strength steel fibers in the range of 30-45 kg/m?; could serve as a reinforcement
alternative to steel bars for single-layer tunnel linings. Caratelli et al. [27] discovered that
incorporating 40 kg/m? of steel fiber with an aspect ratio of 85 into precast concrete could
improve cracking and fatigue resistance. Ding et al. [28] conducted experimental tests using
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the symmetrical inclined beam method, and test results indicated that the combined use
of steel fiber and stirrups enhances the bearing capacity and toughness of tunnel segment
linings.

The majority of existing research focused on the influence of different lengths, aspects,
and shapes of steel fibers on the mechanical properties of concrete (e.g., [9-18]), the ap-
propriate content of steel fiber (e.g., [19]), and the ratio of steel fiber length and aggregate
size (e.g., [21-23]). Meanwhile, studies on the application of SFRC in tunnel linings have
mainly focused on the structural form and design method of SFRC single-layer linings
(e.g., [24-26]), as well as the effect of SFRC on the bearing capacity and toughness of the
lining (e.g., [27-33]). However, few studies have proposed that the mechanical properties
of concrete can be improved best when the content of steel fiber and the ratio of length to
diameter are different. Also, limited research has been performed on the cracking pattern
of SFRC single-layer linings under surrounding rock pressure.

This paper initially investigates the effects of steel fiber content and aspect ratio on the
mechanical properties of concrete through laboratory experiments. Based on the limited
experimental program and the reference literature on SFRC, the recommended steel fiber
content and aspect ratio are determined. Using the recommended steel fiber content and
aspect ratio, a model test of an SFRC single-layer tunnel lining is conducted to study
the tunnel’s cracking pattern, crack distribution, and bearing capacity. This research can
provide indications for the application of SFRC as a replacement for the plain shotcrete
used in single-layer linings. It can also provide references for designing similar tunnel
structures with single-layer linings, as well as for the maintenance and reinforcement of
tunnel lining structures.

2. Experimental Analysis of the Mechanical Properties of SFRC
2.1. Test Materials and Mix Proportion

The concrete used in this study consisted of P-O42.5 cement, steel fiber, 3~15 mm
continuous-graded gravel, ordinary river sand, water, a water-reducing agent, and grade I
fly ash with a fineness modulus of 1.0, thus meeting the requirements of the Fly ash used
for cement and concrete standard (GB/T 1596-2017) [34]. The steel fiber was a shear wave
steel fiber with an equivalent diameter of 0.5 mm. The equivalent diameter was defined as
that calculated when the steel fiber with a non-circular cross section was also regarded as
an equivalent with a circular cross section. Type I steel fiber has a length of 25 mm and an
aspect ratio of 50, while type Il steel fiber has a length of 35 mm and an aspect ratio of 70.
The steel fibers were produced by Jinjiang Road and Bridge Materials Co., Ltd., Hengshui
City, Hebei Province, China. The steel fibers are shown in Figure 1. Ordinary river sand
should have a fineness modulus greater than 2.5 and clay content of less than 3%. The
water reducing agent was a carboxylic acid superplasticizer with a water reduction rate
of 30% and a dosage of 0.8%. The addition of fly ash in concrete can effectively prevent
alkali-aggregate reaction and enhance the durability of concrete. Tables 1 and 2 summarize
the relevant information for the steel fiber and concrete, respectively.

Table 1. The performance parameters of steel fiber.

Steel Fiber Length Aspect Equivalent Density  Tensile Strength Elasticity Elongation
Type (mm) Ratio Diameter (mm) (g/cm?) (MPa) Modulus (GPa)  at Break (%)
I 25 50
I 35 70 0.5 7.8 950 210 0.5-3.5

Table 2. Mix proportion of C35 concrete.

Graded Gravel Water Admixture
(kg) (kg) (kg)

410 45 672 1100 190 8

Cement (kg)  Fly Ash (kg) Sand (kg)
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Figure 1. Steel fiber used in the experimental tests.

2.2. Specimen Preparation

The test specimens were prepared by following the parameters outlined in Standard
test methods for fiber reinforced concrete (CECS 13: 2009) [35]. Several mechanical proper-
ties were obtained, including cubic compressive strength, axial compressive strength, and
the elastic modulus. Details about the specimen size, steel fiber dosage, steel fiber type,
and tested specimen amount are illustrated in Table 3.

Table 3. Test contents and specimen requirements.

Test Content Specimen Sizes Steel Fiber Steel Fiber ~ Specimen

est L-ontents (mm) Dosage (kg/m?3) Type Amounts
Cubic compressive strength 150 x 150 x 150 0/30/40/45 I~1I 3
Axial compressive strength 150 x 150 x 300 0/30/40/45 I~II 3
Elastic modulus 150 x 150 x 300 0/30/40/45 I~1I 3

In accordance with the test scheme, the specimens were prepared by pouring the
concrete mixture using a forced mixer to ensure the uniformity of the mixture after the in-
corporation of steel fibers. The feeding sequence of the mixture and the pouring specimens
are shown in Figure 2.

[ i’ | Adding steel fiber
Sand + ¥ Gravel | i ¢ | whiile stniog. |

; | ‘ Casting |
™ molding ‘

| Cement + Other
\ gravel

Figure 2. The feeding sequence and the molded specimens.

2.3. Compressive Strength Test Results

According to the Standard for test methods of concrete physical and mechanical
properties (GB/T 50081-2019) [36], the compressive strength of SFRC was measured using a
2000 kN electro-hydraulic servo pressure testing machine with a loading rate of 0.5 MPa/s,
as shown in Figures 3 and 4. The average compressive strength of each specimen is
presented in Table 4.
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Figure 3. Test of cubic compressive strength.

Figure 4. Test of axial compressive strength.

It can be seen from Table 4 that the compressive performance of concrete improves
with the increase in steel fiber content. The improvement in the compressive strength of
concrete for type I steel fiber is generally higher than that for type II steel fiber. The cubic
compressive strength of Ly 3 is 42.4 MPa, representing a 7.3% increase compared to Ly. The
cubic compressive strength of Ly 4 is 44.0 MPa, representing a 11.4% increase compared to
Ly. The maximum cubic compressive strength of Lj 45 is 44.9 MPa, representing a 13.7%
increase compared to Ly In contrast, the cubic compressive strength of Lyj.45 is slightly
less than that of Lj49, with only a 7.3% relative increase compared to L. This occurs due
to the non-uniform distribution of steel fiber within the concrete matrix, resulting in an
agglomeration effect. Axial compressive strength is positively correlated with the content
of steel fiber. The maximum axial compressive strength of concrete with type I steel fiber
and type II steel fiber is achieved at a dosage of 45 kg/m?.

When the steel fiber content was 30 kg/m?, the inclusion of type I and type II steel
fibers increased axial compressive strength by 6.5% and 7.7%, respectively. When the
steel fiber content was 40 kg/m?3, the inclusion of type I and type II steel fibers increased
axial compressive strength by 10.4% and 8.9%, respectively. When the steel fiber content
was 45 kg/m?, the inclusion of type I and type II steel fibers increased axial compressive
strength by 20.5% and 30.6%, respectively. However, due to the non-uniform distribution
of steel fibers in the specimens, the size effect of the specimens, and the limited number of
samples in this experiment, it is not possible to determine the precise enhancement pattern
of steel fibers on the compressive strength of concrete. According to the study by Ezeldin
et al. [37], it is known that the increase in compressive strength due to steel fibers should be



Sustainability 2023, 15, 10665

6 of 24

around 15%. Additionally, based on research by Nataraja et al. [38], it is known that with
a constant aspect ratio of steel fibers, the compressive strength of concrete increases with
increased steel fiber content within a certain dosage range. Therefore, it can be concluded
that the maximum increase in the compressive strength of concrete is achieved with a steel
fiber content of 45 kg/m3.

Table 4. SFRC compressive strength test statistics.

Steel Fiber Speci . . Average Averagg
Steel Fiber Type Dosage pecimen  Curing Time Failure Load Compressive
(kg/m®) Number (d (KN) Strength
(MPa)
A. Cubic compressive strength

30 Li30 954.0 424

Typel 40 Liao 990.0 44.0

45 Lias 1010.25 44.9

30 Lirs0 30 918.0 40.8

Type Il 40 L0 960.75 42.7

45 Li4s 954.0 42.4

Plain concrete 0 Lo 888.75 39.5

B. Axial compressive strength

30 Cr30 618.75 27.5

Type I 40 Cra0 641.25 28.5

45 Crss 699.75 311

30 Ci-30 30 625.5 27.8

Type 1I 40 CH_40 632.25 28.1

45 Crrs5 758.25 33.7

Plain concrete 0 Co 580.5 25.8

Note: The specimen number subscript represents the corresponding steel fiber type and steel fiber content.

The reinforcement provided by steel fibers can work at both a micro and macro level.
At a micro level, fibers arrest the development of microcracks, leading to higher com-
pressive strengths, whereas at a macro level, fibers play a bridging role in concrete and
control crack opening, thereby preventing the development of cracks and increasing the
energy absorption capacity of the composite [39]. After the specimen is destroyed, due to
the effect of steel fibers, the concrete still maintains a certain compressive strength. Steel
fiber leads to concrete changing from brittle failure to ductile failure and improves the
compressive properties of concrete.

2.4. Elastic Modulus Test Results

According to the Standard for test methods of concrete physical and mechanical
properties (GB/T 50081-2019) [36], the initial load (Fy) is the one at which the stress is
0.5 MPa, and one in three of the axial compressive strengths of the specimen is determined
as F, for each test (calculated according to the corresponding value of axial compressive
strength in Section 2.3). The specimen loading method is illustrated in Figure 5, and the
test process is shown in Figure 6. The elastic modulus takes the secant modulus when the
compressive stress is 1/3 of the axial compressive strength of the specimen. The elastic
modulus test results of SFRC are summarized in Table 5.

Table 5 reveals that the Byj45 specimen had the maximum elastic modulus, which is
1.14 times the elastic modulus of By and 1.06 times the elastic modulus of By45. This is
similar to the prediction of a 15% increase in elastic modulus proposed by Ezeldin et al. [37].
The increase rates of By.3g and B4 in terms of the elastic modulus of concrete were 5.2%
and 6.1%, respectively, while the increase rates of Byy.3p and Byy.4 in terms of the elastic
modulus of concrete were 7.0% and 12.3%, respectively. Consequently, the increase rate for
the elastic modulus of concrete for type Il steel fiber is greater than that of type I steel fiber.
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Load Until the specimen is destroyed

90s 60s 60s 90s
RI .

O0s| 60s 60s D0s|

Figure 5. Loading process for the elastic modulus test.

Figure 6. Process for the elastic modulus test.

Table 5. SFRC elastic modulus test statistics.

. Steel Fiber Specimen . . Average Elastic
Steel Fiber Type Dosage (kg/m?) lgumber Curing Time (d) Mo du%us (GPa)
30 B3 34.3
Type I 40 B1_40 34.6
45 Brs 35.2
30 Bir-30 30 34.9
Type II 40 Brrao 36.6
45 Biigs 37.2
Plain concrete 0 By 32.6

Note: The specimen number subscript represents the corresponding steel fiber type and steel fiber content.

The length of type II steel fiber is greater than type I steel fiber, and in the
150 mm x 150 mm x 150 mm cube specimens, type I steel fiber showed better uniformity.
Specimen distribution uniformity for type Il steel fiber, however, was poor, resulting in a
limited improvement in compressive strength, with type I steel fiber-reinforced concrete
thus obtaining higher strength. The size of specimens used to test the elastic modulus
was 150 mm X 150 mm x 300 mm, which is larger than the size of the specimens used to
test cubic compressive strength, and the uniformity of the distribution of the two kinds of
steel fibers in the specimen was better. Therefore, under the same uniformity condition,
compared with the type I steel fiber, the type II steel fiber has a more significant effect on
the mechanical properties of concrete. Longer fibers contribute to longer contact length,
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resulting in improved force transfer and, consequently, an increased elastic modulus in
concrete. Moreover, longer fibers create a larger bonding area within the concrete, which
enhances interface bonding and improves the mechanical properties of the concrete. There-
fore, it can be concluded that, with the same dosage, the steel fibers with a larger aspect
ratio have a better effect on the improvement in elastic modulus. With the same aspect
ratio, the elastic modulus also increases with the increase in steel fiber content [38].

The influence of different dosages of steel fibers on the mechanical properties of
concrete varies. However, the dosage of 45 kg/m? (volume fraction of 0.58%) generally
leads to significant overall improvements in various aspects of concrete performance. There
is certainly still room for improvement in the increase in steel fiber content, but the increase
in steel fiber content has little effect on the mechanical properties of steel fiber-reinforced
concrete. The 50 kg/m3 specimen was poured and stirred, and the steel fibers appeared
to have undergone agglomeration and had poor fluidity [40]. Da et al. [41] proposed that
the phenomenon would eventually make it hard for the fibers to be completely filled in
cement mortar as holes are formed when the steel fiber content is too great, which would
first lead to stress concentration around the holes and then to cracks with the increase in
stress. At the same time, based on the application of steel fiber-reinforced concrete in tunnel
linings and due to the limitations of the spray mechanical properties used in the field, it is
appropriate to determine a fiber content of 45 kg/m3. If the fiber content is increased, it
easily blocks the pipe [42].

3. Study on the Cracking Pattern and Bearing Capacity of SFRC Single-Layer Linings
3.1. Design of a Similar Model Scheme
3.1.1. Information about the Prototype

The model test was conducted on a single-layer lining structure for a highway tunnel.
The lining structure utilized CF35 SFRC with a thickness of 0.3 m, a span of 6.54 m, and a
height of 7.07 m. The surrounding rock grade was classified as IV [43], and the tunnel was
deeply buried [44].

3.1.2. Similarity Ratio of Tests

In conjunction with the lining prototype structure and test box dimensions, and con-
sidering the elimination of the boundary effect and the installation clearance requirements
for monitoring components, the geometric similarity ratio of the model test was determined
as 1:20 [45-48]. The tunnel lining was simulated using a gypsum mixture with an elastic
modulus of 1~5 GPa. According to the values of elastic modulus obtained in Section 2.4
(34.3~37.2 GPa), the elastic modulus similarity ratio was 1:35. Using force, length, and time
([FI-[L]-[T]) as the basic dimensional system, the similarity coefficient of related physical
quantities was derived according to the similarity criterion, as shown in Table 6.

Table 6. Similarity coefficients of the main physical quantities.

Physical Quantities Physical Dimension Ri;::il(l)?sllt\};p Cs:;}lfll::nyt
Length [ L S 20
Mass m FL-1T2 Sm = $,%S 14,000
Density p FL—4T2 Sp=¢ 1.75
Stress o FL—2 Soe = SE 35
Strain ¢ - Se = 1
Displacement x L Sx=S5; 20
Poisson ratio u - Su=1 1
Elastic modulus E FL—2 Sg 35
Cohesion ¢ FL—2 S =Sg 35
Internal friction angle ¢ - Sp=1 1
Force F F Sp = 5,25 14,000
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Given that the mechanical properties of similar materials for tunnel-surrounding rock
and similar lining models meet the above similarity relationship, the thickness of the lining
model was determined to be 1.5 cm, the width 32.7 cm, and the height 35.35 cm.

3.1.3. Similar Materials

(1) Similar materials of surrounding rock

According to the existing test conditions and referring to the successful research
experience of scholars, five different proportions of mixtures were prepared with river
sand, coarse quartz sand, fine quartz sand, fly ash, barite powder, and engine oil as the base
materials, as shown in Table 7. The physical parameters of similar materials of surrounding
rock with different mix ratios were proven by experiments, as shown in Table 8.

Table 7. Different mix proportions of the similar surrounding rock materials used in the tests.

Material
Ratio atenias Barite Powder River Sand Coarse Quartz Sand  Fine Quartz Sand  Engine Oil Fly Ash
A 1 0.65 0.35 0.65 0.2 0.8
B 1 0.65 0.35 0.5 0.25 0.8
C 1 0.65 0.3 0.5 0.3 1.0
D 1 0.5 0.3 0.6 0.3 1.2
E 1 0.5 0.2 0.6 0.35 1.3
Table 8. Physical and mechanical parameters of the similar materials in surrounding rock for
each group.
Parameters . 3 Elastic . Internal Friction Poisson
Groups Gravity/(kN/m”) Modulus/GPa Cohesion/MPa Angle/° Ratio
Prototype value 20~23 1.3~6 0.2~0.7 27~39 0.3~0.35
Similar value 11.4~13.1 0.04~0.2 0.006~0.02 27~39 0.3~0.35
A 14.2 0.36 0.011 42.6 0.30
T B 13.2 0.22 0.010 41.1 0.32
f—“ C 22.6 0.15 0.012 37.4 0.33
vaes D 129 0.25 0.017 35.2 0.30
E 12.4 0.21 0.021 32.6 0.32
Through physical and mechanical property tests of the similar materials of surround-
ing rock with different mix ratios, slight adjustments to the mixture ratio, and further
testing of the mixture until the mixture ratio was closest to the similarity requirements,
it was determined that the similar materials of surrounding rock and the ratio were as
follows: barite powder:river sand:coarse quartz sand:fine quartz sand:engine oil:fly ash =
1:0.56:0.39:0.72:0.33:1.33. The comparison between the physical and similar materials of
surrounding rock and the physical and mechanical parameters of the class IV surrounding
rock [43] is shown in Table 9.
Table 9. Physical and mechanical parameters of similar surrounding rock materials.
Gravity (kKN/m? Elastic Modulus Cohesion Internal Friction Poisson
y (GPa) (MPa) Angle (°) Ratio
Surrounding rock 22.5~24.5 1.3~6 0.2~0.7 27~39 0.3~0.35
prototype value
Surrounding rock 13.14 0.19 0.018 36.7 0.31

model value
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(2) Similar materials for the lining structure

Based on the successful test experience of existing research [49,50], the steel fiber
was simulated using experimental ultra-fine steel fiber to carry out the relevant model
test, as shown in Figure 7. The content of steel fiber was determined according to the
recommended content for steel fiber identified in the second chapter.

Figure 7. Extra-fine steel fiber for the tests.

In the mix design of similar materials for the SFRC single-layer lining model, a gypsum
mixture was employed to simulate the desired properties. The steel fiber used in the test
was wave-shaped, ultra-fine steel fiber. The primary considerations for the mix design of
the lining model’s similar materials were the compressive strength, elastic modulus, and
Poisson ratio. Gypsum was the main material used in the lining model simulation, and
the commonly used water-gypsum ratio ranged from 1.0 to 2.0. When the water-gypsum
ratio was less than 1, it became challenging to control the material properties, while a
water-gypsum ratio exceeding 2 resulted in easy segregation of the model mixture. To
address these challenges, multiple sets of gypsum mixtures with varying water—paste
ratios were designed, which incorporated barite powder and other additives, as shown in
Table 10.

Table 10. Proportion design table of lining model materials.

Group
Type Group 1 Group 2 Group 3 Group 4
Type A 1:1.6:1.8:0.01 1:1.7:1.8:0.01 1:1.8:1.8:0.01 1:1.9:1.8:0.01
Type B 1:1.6:1.5:1:0.01 1:1.7:1.5:1:0.01 1:1.8:1.5:1:0.01 1:1.9:1.5:1:0.01

Note: type A is gypsum:water:river sand:glue; type B is gypsum:water:barite powder:river sand:glue.

According to the mix ratio in Table 10, gypsum test blocks were poured. The size of
the compressive strength test specimens was 100 mm x 100 mm x 100 mm, and three
specimens in each group were fabricated according to different types and mix ratios. The
size of the elastic modulus test specimen was 150 mm x 150 mm x 300 mm, and six
specimens in each group were tested according to different types and different mix ratios.
After the specimens were condensed and hardened, the specimens were placed in an indoor
drying area. After the moisture on the surface of the specimen had dried, the specimen
was placed in an oven for drying. When the quality of the test block was stable and
unchanged, it could be determined that the test block had reached a dry state, and the
relevant mechanical performance test could be carried out on the test block. The physical
and mechanical properties of gypsum mixtures with different water—-gypsum ratios were
tested, as shown in Figure 8. The physical and mechanical parameters of gypsum specimens
with different matching proportions were calculated, and the mean values of the test data
are summarized in Table 11.
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(a) Gypsum mixture specimen (b) Compressive strength test (c) Elastic modulus test
Figure 8. Mechanical property tests of gypsum specimens.
Table 11. Test data of gypsum specimens.
Specimens
Parameters A-1 A-2 A-3 A-4 B-1 B-2 B-3 B-4
Compressive
strength/MPa 1.53 1.34 1.27 1.13 1.42 1.23 117 1.04
Elastic modulus/GPa 1.257 1.184 1.026 0.873 1.136 1.054 0.866 0.731
Gravity/(kN/m?) 9.24 8.36 8.21 7.64 11.67 11.22 10.89 10.33
Poisson ratio 0.21 0.22 0.21 0.22 0.20 0.21 0.23 0.22

Note: A-1 represents the experimental data of type A and group 1 in Table 10.

The physical and mechanical data of the B-2 specimen are closer to the theoretical
values of the mechanical parameters of the lining model than the other groups, resulting in
the composition and mix ratio of gypsum mixtures satisfying the similarity relationship
(gypsum:water:barite powder:river sand:glue = 1:1.7:1.5:1:0.01). The comparison between
the physical and mechanical properties of the lining prototype and lining modes is shown
in Table 12.

Table 12. Comparison of the lining prototype and model’s material mechanical parameters.

Gravity Elastic Modulus = Cubic Compressive Poisson
(kN/m?3) (GPa) Strength (MPa) Ratio
Lining prototype value 23.4 37.2 424 0.2
Lining model value 11.22 1.054 1.23 0.22

3.1.4. Test Preparation and Measuring Point Arrangement

According to the above similar material mix ratio for the lining, the steel fiber gypsum
lining model was poured, and the plain concrete lining gypsum model was set as the
control group. Strain gauges were pasted at the main position of the lining to monitor its
mechanical changes. The lining model was prepared as shown in Figure 9. The model test
platform is shown in Figure 10.

A micro earth pressure gauge was arranged on the outer surface of the lining to
monitor the contact pressure between the lining structure and the surrounding rock, and the
monitoring position is shown in Figure 11. Considering the lining clearance condition and
structural symmetry, LVDT displacement meters were arranged at the four positions shown
in Figure 12 to record displacement changes in the lining, and a high-definition numerical
camera was used to capture crack generation and expansion of the lining structure during
the test.
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(a) Model of the lining (b) Pasting strain slice (c) Layout diagram of the strain slice

Figure 9. Preparation of the lining model.

(a) Model

test platform (b) Three-dimensional size diagram

Figure 10. Test platform of the similar test model.

Micro earth i
pressure gauge / i

No 5

(]

Nol

(a) o )

Figure 11. Layout of the micro earth pressure gauges. (a) Measuring point arrangement for the earth
pressure gauge, (b) Micro earth pressure gauge.
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No 1

Figure 12. Layout of the displacement gauge and camera. (a) Displacement gauge measuring point
layout, (b) Displacement gauge and camera.

3.1.5. Test Process

The configured materials similar to surrounding rock were laid into the model box,
with each layer not exceeding 20 cm. The number of compactions was controlled to ensure
that the physical and mechanical properties of the materials similar to surrounding rock
met the requirements of the design. Upon reaching the design height, the lining model
was placed on the filler, the micro earth pressure gauge (No. 1) was installed at the lining
floor, and the layered filling was continued. In the process of layered filling, the micro
earth pressure gauge was buried at the wall foot (No. 2, No. 8), side wall (No. 3, No. 7),
arch shoulder (No. 4, No. 6), and arch crown (No. 5) of the lining, and it was ensured
that the micro earth pressure gauge was in close contact with the lining surface. After
all the monitoring components were arranged, the model was loaded according to the
loading method in Table 13, where level 1 means a load of 9.81 kN is applied to the model
(equivalent to 0.013 MPa) and the prototype load is equivalent to 0.467 MPa. Other levels
have the same meaning.

Table 13. Step loading scheme for the model test.

Model Load Prototype Model Load Prototype
Level L Level
kN MPa oad (MPa) kN MPa Load (MPa)
Level 1 9.81 0.013 0.467 Level 5 49.03 0.067 2.333
Level 2 19.61 0.027 0.933 Level 6 58.84 0.080 2.800
Level 3 29.42 0.040 1.400 Level 7 68.65 0.093 3.267
Level 4 39.23 0.053 1.867 Level 8 78.45 0.107 3.733

3.2. Test Results and Analysis
3.2.1. Cracking Pattern of the Lining

Figure 13 displays the initial cracks observed in both the SFRC single-layer lining and
the plain concrete single-layer lining during the test. The arch crown is located on the
symmetric axis of the structure and is in the most unfavorable position, primarily subjected
to vertical forces. Under the influence of a loose load, the initial cracks in both cases occur
near the arch crown. Specifically, the linings in both cases exhibit the development of an
initial primary crack on the inner side of the arch crown. As the load increases and the first
crack emerges in the arch crown, subsequent cracks progressively appear near the lining
floor and the two wall feet.
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(b)

Figure 13. The initial crack location of the single-layer lining models. (a) The initial crack location of
the SFRC single-layer lining model, (b) The initial crack location of the plain concrete single-layer
lining model.

As the load increases, the cracks in the arch crown and lining floor progressively
penetrate, with other parts gradually developing and expanding cracks. At a 58.84 kN load,
the longitudinal crack in the SFRC single-layer lining arch crown reached 40% of the lining
length and had a crack width of about 1.5 mm, as shown in Figure 14a. Meanwhile, the
longitudinal cracks in the lining floor of the plain concrete single-layer lining structure had
expanded to up to 70% of the lining length, and the cracks in the arch crown had reached
60%. The width and depth of the cracks were significantly larger than those in the SFRC
single-layer lining. During the test, the crack opening amount at the lining floor was greater
for both lining structures compared to other parts, with the cracking width gradually
decreasing along the crack depth direction. At a load of 78.45 kNN, the longitudinal cracks
at the arch crown and lining floor of the plain concrete single-layer lining were almost
entirely connected. A significant amount of small cracks were concentrated around the arch
shoulder and wall foot regions. At this point, the lining structure lost its bearing capacity.
Conversely, the longitudinal cracks in the arch crown of the SFRC single-layer lining model
had basically penetrated 80% of the crown, retaining some bearing capacity.

(b)

Figure 14. Crack propagation of single-layer linings. (a) Crack propagation path on the arch crown
of the SFRC single-layer lining model, (b) Crack propagation path on the floor of the plain concrete
single-layer lining model.
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Figure 15 illustrates crack distribution in the lining model after failure. In the plain
concrete lining structure, the first crack was initiated on the inner side of the arch crown.
As the load increased, the crack rapidly widened and deepened. Eventually, the initial
crack at the arch crown propagated throughout the entire structure, leading to complete
destruction of the lining structure. At this point, the number of cracks in the plain concrete
lining structure reached eight. On the other hand, in the SFRC lining structure, a very
small longitudinal crack initially appeared at the arch crown. With the increasing load,
the presence of steel fibers inhibited crack propagation, resulting in a gradual increase in
crack depth. The path of crack development became tortuous, which delayed damage to
the lining structure. While cracks did appear in other areas, no through cracks had formed
yet. Ultimately, the tunnel lining exhibited a total of 14 cracks, demonstrating the beneficial
effects of steel fibers in enhancing structural uniformity. The SFRC single-layer lining
exhibited many narrow cracks with irregular and meandering expansion paths, while the
plain concrete single-layer lining had wider cracks with simple and straight expansion
paths. The wider and deeper cracks in the plain concrete single-layer lining were caused by
the gradual increase in load, leading to a loss of tensile stress-bearing capacity in the lining
matrix material at the cracks. This allowed main cracks in key parts to rapidly expand until
they penetrated the entire lining structure, causing a loss of stability and bearing capacity.
Due to the presence of cracks, the lining arch crown experienced uneven stress distribution,
leading to stress concentration and causing the plain concrete lining arch crown cracks
to deviate to the right. In contrast, the SFRC single-layer lining model experienced crack
bridging due to the presence of steel fiber.

(b)
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Figure 15. Cont.
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(d)

Figure 15. Distribution of single-layer lining cracks. (a) The overall distribution of cracks in the SFRC
single-layer lining model, (b) The overall distribution of cracks in the plain concrete single-layer lining
model, (c) Crack distribution diagram of the SFRC single-layer lining model, (d) Crack distribution
diagram of the plain concrete single-layer lining model.

3.2.2. Contact Pressure between Linings and Surrounding Rock

The relationship between the contact pressure between the lining and surrounding
rock and the applied load is shown in Figure 16. It can be seen from Figure 16 that the
contact pressure is positively correlated with the applied load, and the contact pressure
between the SFRC single-layer lining and the surrounding rock is generally higher than that
of the plain concrete single-layer lining. Figure 16a,e reveal that when the load increases
to 29.42 kN, the contact pressure curve of the SFRC single-layer lining has a significant
transition, indicating that the lining structure develops initial cracks at this time. When
the load increased to twice the initial crack load, the lining structure still did not appear
to be fully penetrated by longitudinal cracks. In contrast, the growth rate of the contact
pressure curve of the plain concrete single-layer lining decreased at a load of 19.61 kN,
and the contact pressure increased with increased load. When the load reached 63.74 kN,
the arch crown and lining floor were rapidly squeezed into the tunnel, resulting in non-
uniform structural deformation and stress distribution that caused a sharp increase in
contact pressure (point 4 in Figure 16d). The underlying cause of this phenomenon is
the formation of cracks in the lining as the load on the lining reaches a certain threshold.
Consequently, the load is entirely borne by the internal steel fibers. As the load further
increases, some steel fibers approach their yield or ultimate pullout strength, resulting in
an increase in contact pressure. However, as the load continues to rise, the steel fibers yield
or become dislodged, weakening the lining structure’s resistance. This causes an increase
in displacement at the corresponding section and unloads the contact pressure between the
lining and the surrounding rock, ultimately leading to a sharp initial increase followed by a
subsequent decrease in the contact pressure of the lining. When the load reached 78.45 kN,
the contact pressures of the SFRC single-layer lining floor and arch crown were 0.82 MPa
and 0.78 MPa, respectively, while other parts exhibited relatively low contact pressures.
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Figure 16. Contact pressure-load curves of single-layer lining models.

3.2.3. Radial Displacement

The load-displacement curves for each monitoring point are presented as shown
in Figure 17, where the positive direction is defined as pointing towards the clearance
direction of the lining structure. It can be seen from Figure 17 that the displacement of the
two lining structures in each part increases with the increase in load, and the displacement
of the arch crown, spandrel, and floor of the lining structure is positive during the loading
process. Conversely, the displacement of the wall foot is negative, indicating that both
lining structures undergo extrusion deformation at this location. The SFRC single-layer
lining showed smaller displacement than that of the plain concrete single-layer lining.
Additionally, the maximum displacement value of the two lining structures appeared at
the arch crown of the plain concrete single-layer lining (reaching 13.2 mm), while the
displacement of the SFRC single-layer lining at this position was 10.8 mm, which is an
18.2% reduction. During the loading process of the two lining structures, the soil beneath
the lining bottom plate tended to be compacted, and the whole lining model produced
downward displacement while the arch crown converged and deformed to the inner
diameter of the hole under the action of the surrounding rock’s load; thus, the displacement
measured at the No. 4 monitoring point was large. From Figure 17a,d, it can be found
that the load—displacement curves of the plain concrete single-layer lining turn when
the pressure is 19.61 kN, and the slope of the curve increases there, indicating that the
displacement of the plain concrete single-layer lining changes abruptly. It is shown that
cracks occur in the plain concrete single-layer lining when the load is 19.61 kN. Conversely,
the load—displacement curve of the single-layer SFRC lining increases sharply when the
load is about 29.42 kN, indicating that there are cracks in the single-layer SFRC lining. The
different cracking load indicates that the mechanical properties and cracking resistance of
the SFRC lining are better than those of the plain concrete lining.
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Figure 17. Load-displacement curves of single-layer lining models.

3.2.4. Internal Force and the Safety of the Lining

After the completion of the loading test, the axial force and bending moment of the
lining structures was calculated according to Equations (1) and (2) based on the measured
strain sum of the inner (g;) and outer (¢,) sides of the lining structure.

N = %E(si—i—so)bh 1)

1
M= EE(si — &,)bl? 2)

In Equations (1) and (2), ki, E and b are the thickness, elastic modulus, and unit length
of the lining (1 m), respectively. The distributions of calculated axial force and bending
moments along the lining section are shown in Figure 18.
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Figure 18. Internal force distributions of single-layer linings. (a) Axial force distribution of single-
layer linings, (b) Bending moment distribution of single-layer linings.

It can be seen from Figure 18a that the axial force of the SFRC single-layer lining is
greater than that of the plain concrete single-layer lining. At the arch crown, the axial force
value of the SFRC single-layer lining is —288.44 kN, and the axial force value of the plain
concrete single-layer lining is —178.46 kN, which is 0.62 times that of the SFRC single-layer
lining. At the bottom plate of the lining, the axial force of the SFRC single-layer lining
is 1.46 times that of the plain concrete single-layer lining, and the minimum axial force
of the two lining structures appears at the foot of the wall. Additionally, the axial force
distribution map has a certain symmetry, representing a roughly ‘maple leaf” type. The
bending moment at the arch crown of the SFRC single-layer lining is 18.83 kN-m, and the
bending moment at the arch crown of the plain concrete single-layer lining is 18.14 kN-m.
The flexural performance of the SFRC single-layer lining is 3.8% higher than that of the
plain concrete single-layer lining, as shown in Figure 18b. In the middle of the bottom plate
of the lining, the bending moment of the SFRC single-layer lining is 19.60 kN-m, which is
1.14 times that of the single-layer lining made of plain concrete. The bending moments of
the two lining structures at the foot of the wall, the arch crown, and the bottom plate are
large, indicating that the bending capacity of the lining section should be strictly controlled
in terms of the lining’s design and construction.

According to the axial force and bending moment values of the lining calculated in the
above section, and the Guidelines for the Design of Highway Tunnels (JTG/T D70-2010) [51],
when ey < 0.2 h, this represents the compressive strength control bearing capacity, otherwise
it represents the tensile strength control bearing capacity. The formula for calculating the
safety factor of compressive strength is shown in Equation (3), and Equation (4) can be
used for calculating the safety factor of tensile strength. The distribution of safety factors
along the lining section is shown in Figure 19.

KN < paR,bh 3)
1.75R;bh
KN< =7 )

h
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Figure 19. Safety factor distribution of the main parts of the single-layer linings.

K is the safety factor; N is the axial force (kN); ¢ is the longitudinal bending coefficient
of the component; « is the eccentric influence coefficient of axial force; and R,; and R; are
the compressive and tensile ultimate strength (MPa) of concrete, respectively. b is the width
of the cross section (1 m); & is the section’s thickness (m); and ey is the eccentricity.

It is found that the safety factors of the two lining structures are small at the foot of the
wall, the bottom plate, and the arch crown, as well as the side wall. According to the Guide-
lines for the Design of Highway Tunnels (JTG/T D70-2010) [51], when concrete reaches
the limit of tensile strength, the safety factor shall not be less than 2.7. The safety factors
of the single-layer plain concrete lining at the left and right wall corner are 1.66 and 2.10
(both under tension control), with both safety factors less than 2.7; thus, the left and right
wall corner cannot meet safety requirements. Conversely, the safety factors of each part
of the SFRC single-layer lining are greater than the safety factor regulatory limit specified
in the Guidelines for the Design of Highway Tunnels (JTG/T D70-2010) [51]. The safety
factor is the minimum value of 2.7 at the right wall corner, followed by 3.8 at the left wall
corner, which is 1.3 times and 2.3 times the safety factor of the corresponding position of
the plain concrete single-layer lining (the safety factor is increased by 28.6% and 128.9%,
respectively). At the arch crown, although the safety factor of the plain concrete single-layer
lining meets the requirements of the specification, it is close to the critical value of the safety
factor and the safety reserve is relatively weak; the SFRC single-layer lining has a large
safety reserve at the vault, and the safety factor is 6.99, which is 2.4 times that of the plain
concrete single-layer lining.

4. Discussion

This study determined the recommended content of steel fibers in concrete used
in tunnel linings to be 45 kg/m3 and the recommended aspect ratio to be 70 through
laboratory experiments. Based on these recommended parameters, similar model tests
were conducted to investigate the cracking patterns and load-bearing performance of SFRC
tunnel linings compared to plain concrete tunnel linings.

During the model tests, it was observed that the initial cracking load of the plain
concrete single-layer lining was 0.027 MPa, while the SERC single-layer lining had an initial
cracking load of 0.04 MPa. This represents a significant increase of 48.1% in the initial
cracking load compared to the plain concrete lining. Additionally, the SFRC single-layer
lining exhibited a higher number of meandering and intricate cracks compared to the plain
concrete lining. The presence of steel fibers in SFRC contributes to its high strength and
anchoring effect within the concrete matrix, resulting in excellent ductility and toughness.
This effectively enhances the overall tensile strength of SFRC, resists crack propagation,
and, to some extent, limits the length and width of cracks. In contrast, the plain concrete
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lining lacks the reinforcing effect of steel fibers, making crack formation easier and resulting
in wider cracks. Moreover, steel fibers in concrete disperse and bear partial loads, leading
to multiple instances of local cracking. However, this does not lead to overall failure of the
lining structure, thus demonstrating the stronger load-bearing capacity of SFRC.

Furthermore, the SFRC exhibited smaller radial displacements than the plain concrete
lining. This can be attributed to the effective control and mitigation of crack expansion
provided by the presence of steel fibers. Steel fibers also improved the stiffness and
deformation resistance of the lining, further reducing radial displacements under load. On
the other hand, the plain concrete lining, lacking steel fiber reinforcement, demonstrated
weaker toughness, lower crack resistance, and easier crack expansion. Additionally, its
relatively lower stiffness led to larger radial displacements.

In summary, the inclusion of steel fibers in concrete provides significant advantages
to SFRC linings. It enhances their strength, stiffness, load-bearing capacity, and crack
resistance. SFRC linings exhibit improved durability, thereby contributing to the extension
of tunnel service life by offering enhanced technical parameters.

5. Conclusions

This paper investigated the influence of steel fiber content and aspect ratio on the
mechanical properties of concrete. Based on the limited experimental program and the
reference literature on SFRC, the recommended steel fiber content and aspect ratio were
determined. Furthermore, the paper proposes a mix ratio for similar tunnel-surrounding
rock and lining materials. It also analyzes the cracking pattern and safety of SFRC single-
layer linings. The main conclusions of this paper are as follows:

(1) Steel fiber has a limited effect on the compressive strength and elastic modulus of
concrete. It is recommended that the steel fiber content of concrete used in single-layer
linings is 45 kg/m3. When the steel fiber content is 45 kg/m?, equivalent to a volume
fraction of 0.58%, the cubic compressive strength of concrete reaches 44.9 MPa, axial
compressive strength reaches 33.7 MPa, and the elastic modulus reaches 37.2 GPa.
Steel fibers with an aspect ratio of 70 have a better effect on the axial compressive
strength and elastic modulus of concrete compared to steel fibers with an aspect ratio
of 50.

(2) The initial cracking load of the SFRC lining model was 0.04 MPa, which is 48.1%
higher than the initial cracking load of the plain concrete lining model (0.027 MPa).
This demonstrates that SFRC is capable of significantly enhancing the initial cracking
load of lining structures.

(3) When loaded to 78.45 kN, the axial force in the SFRC single-layer lining at the arch
crown of the lining was 1.62 times higher than that in the plain concrete single-layer
lining. Similarly, the axial force in the SFRC single-layer lining at the bottom of
the lining was 1.46 times greater than that in the plain concrete single-layer lining.
Moreover, the axial force distribution map exhibits a symmetrical pattern resembling
a ‘maple leaf’.

(4) When loaded to 78.45 kN, both types of lining structures exhibited significant bending
moments at the foot of the wall, arch crown, and bottom plate. This indicates the
necessity of carefully controlling the bending capacity of the lining section during
design and construction. The minimum safety factor at the corner of the plain concrete
single-layer lining was 1.66, while the minimum safety factor at the corner of the SFRC
single-layer lining was 2.70. This indicates that the inclusion of steel fibers improved
the safety of the lining structure by 62.7%.
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