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Adding fiber can improve the brittleness of plain concrete. Compared with plain concrete, basalt fiber-reinforced concrete has the
advantages of strengthening, toughening, and crack resistance. Compared with steel fiber-reinforced concrete, basalt fiber-
reinforced concrete has better construction performance. Basalt fiber concrete is a type of inorganic material with environmental
protection and high mechanical properties, which has an important mechanical advantage for controlling the deformation of the
soft surrounding rock tunnel. 0rough the indoor model test of mechanical behavior of reinforced concrete and basalt fiber-
reinforced concrete lining, the bearing characteristics of basalt fiber-reinforced concrete lining was studied.0e results show that,
compared with reinforced concrete, the initial crack load of basalt fiber-reinforced concrete is increased by 20%; the toughness of
lining structure is enhanced by adding basalt fiber, and the lining can still bear large bending moment and deformation after the
initial crack appears; after the initial crack appears, the bearing characteristic curve of reinforced concrete lining rises slowly and
converges rapidly; the bearing characteristic curve of basalt fiber-reinforced concrete lining rises slowly, and there is no sign of
convergence when it reaches 2 times of initial crack load. For the soft surrounding rock tunnel, it is necessary to seal the rock
surface as early as possible, provide support as soon as possible, and have a certain deformation capacity. Basalt fiber-reinforced
concrete can better meet these needs.

1. Introduction

With the rapid development of China’s infrastructure, traffic
tunnels in high altitude, high latitude, and high seismic
intensity areas are emerging, and the geological conditions
in the tunnel site are complex and changeable, which put
forward higher requirements for the mechanical properties
of the tunnel support. Fiber-reinforced concrete has ex-
cellent performance of strengthening and toughening for
soft surrounding rock tunnels that require seal the rock
surface as early as possible [1–4], providing support as soon
as possible and having certain deformation capacity. Fiber-
reinforced concrete is an effective supporting material.

Plain concrete is a kind of brittle material with low
tensile strength [5–7], which makes it unable to play the role

of supporting material in the soft surrounding rock tunnel
that needs to have certain deformation capacity. 0erefore,
adding fiber into plain concrete is deemed to be a reasonable
solution to this problem.0e use of fiber can not only reduce
the costs of tunnel construction but also save the cost of
construction time. Adding fiber into plain concrete can
enhance the toughness and crack resistance of concrete [8],
which is just as well suited to the performance requirements
of soft rock tunnel support materials. At present, there are
many kinds of fiber admixtures, of which steel fiber is the
most commonly used in the structure [9–11], and the steel
fiber can enhance the structure and bending fatigue dura-
bility of support [12]. Steel fiber-reinforced concrete lining
has great advantages in seepage resistance and crack resis-
tance. Song et al. [13] reviewed the impact resistance of steel
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fiber-reinforced concrete through ACI test. 0e test results
have shown that, with the increase of steel fiber content, the
toughness of concrete cracking is improved. However, steel
fiber also has some problems: construction performance is
not high, the dosage is too high, and it is easy to be
spheroidized and easily corroded [14]. 0ese minor per-
formance problems sometimes become a massive problem
in tunnel construction. Basalt fiber-reinforced concrete not
only has exceptional performance in construction perfor-
mance but also its manufacturing process is very environ-
mentally friendly [15]. In recent years, it is widely welcomed
in the application of concrete reinforcement [16, 17].

0e use of basalt fiber-reinforced concrete was first
proposed in a 1998 report, which was published in the
Highway Innovations Deserving Analysis project 45 [18]. In
this report, the volume content and properties of basalt
fiber-reinforced concrete are studied for the first time. Basalt
fiber is an environmentally friendly and high-performance
inorganic material, which can effectively improve the
compressive strength of concrete (the maximum increase is
about 17%) [19] and early strength [20], improve the brittle
failure characteristics of concrete and improve the crack
resistance [21], and also improve the splitting strength (up to
27%) and flexural strength (up to 25%) [22]. Ayub et al. [23]
studied the mechanical properties of basalt fiber-reinforced
concrete in the splitting tensile strength test. 0e conse-
quences of maximum compressive strength and split tensile
strength of concrete with different basalt fiber volumes have
been improved, while the effect of fiber addition on elastic
modulus is negligible. 0e distinctive feature of basalt fiber-
reinforced concrete is its higher energy absorption capacity
and higher ductility after reaching the optimum load [24].
Moreover, basalt fiber is easily dispersed in the concrete
mixture without segregation and does not afford to lose its
shape due to flexibility, which is different from steel fiber
that is difficult to handle and thus form a ball. 0erefore,
basalt fiber-reinforced concrete support structure has a great
mechanical advantage for controlling the deformation of the
soft surrounding rock tunnel.

Based on the Dujiashan Tunnel (sericite phyllite) of
Guangzhou Gansu Expressway, this paper studies the me-
chanical behavior of basalt fiber-reinforced concrete support
structure under the condition of soft surrounding rock,
which is of great significance for the study of deformation
control technology of soft surrounding rock tunnel and
mechanical properties of basalt fiber-reinforced concrete
lining.

2. Background

Dujiashan Tunnel of Guangzhou Gansu Expressway is lo-
cated in Qingchuan County, Guangyuan City. It is a two-
lane one-way tunnels with 1833m long left tunnel and
1886m long right tunnel.

2.1. Formation Lithology. 0e Dujiashan Tunnel site is lo-
cated at the north end of Longmen Mountain on the
northwest edge of the Sichuan Basin and close to Motianling

mountain system. 0e bedrock in the tunnel site is exposed,
strata from new to old: the quaternary new system of slopes,
collapsed slope accumulation, alluvial proluvial layer, and
landslide accumulation layer and the combination of Pa-
leozoic Silurian Huangping formation (sand phyllite) and
sericite phyllite rock formation.

Part of the Dujiashan Tunnel passes through the Silurian
sericite phyllite section (grade V surrounding rock). 0e
sericite phyllite is yellowish gray, with scale crystalline
structure and phyllitic structure, and schistose surface is very
developed; soft, nails can be scored; poor joint between
layers, the compressive strength is 4.6–6.3MPa, and easily
softened by water, which is the main rock layer of the tunnel
body, as shown in Figure 1.

2.2. Support Structure Design. 0e supporting structure of
Dujiashan Tunnel is horseshoe section, with a span of
12.82m and a height of 10.29m. 0e initial support is I20b
steel frame at 60, φ8 steel mesh at 20, and φ22 drug roll
anchor bolt + 30 cm thick C25 shotcrete; the second lining is
45 cm thick C25 steel-reinforced concrete and φ22 steel
mesh at 25. It is proposed to use 30 cm thick CF25 basalt
fiber-reinforced concrete instead of the original structural
design.

3. Basic Mechanical Properties Test of Basalt
Fiber-Reinforced Concrete

3.1. Test Content. 0e test contents and the number and
dimensions of the test pieces required for each test are shown
in Table 1.

3.2. Test Results of Compressive Strength and Bending
Strength. 0e test was carried out by the digital pressure
tester (YES-2000) and bending tester (JES-300). 0e test
results of compressive strength and bending strength are
shown in Tables 2 and 3.

It can be seen from Tables 2 and 3 that the basalt fiber
contributes to the improvement of the compressive strength
and the bending strength of the concrete. After the basalt
fiber is added to the plain concrete, a reliable network
structure is formed in the concrete, which cooperates with
the aggregate to bear the stress. When the stress is

Figure 1: Sericite phyllite.
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transmitted from the matrix to the fiber, the fiber consumes
energy due to deformation, which improves the toughness
and the strength of the concrete.

3.3. Bending Toughness Test Results. 0e three-point loading
test method was carried out using an Instron 25 ton me-
chanical test machine. 0e test results are shown in Table 4.

It can be seen from Table 4 that basalt fiber contributes to
the improvement of the initial crack strength and toughness
of concrete. Toughness (R30/10) of the three specimens ex-
ceeds 80, and the toughness grade is excellent.

4. Model Test Design

4.1. Similar Parameter Design. 0e vertical steel plate model
test platform is adopted for the test, as shown in Figure 2.
0e length of the platform is 4.3m, the width is 0.5m, and
the height is 3.7m. It is well known that if the length of the
model is 6 times longer than the span of the tunnel, the
boundary effect of the model can be ignored, so the geo-
metric similarity ratio can be taken as 20.

0e tunnel lining is simulated with gypsum mixed
material, and its elastic modulus is 1.1∼1.65×103MPa, while
that of CF25 basalt fiber-reinforced concrete is
2.45∼3.2×104MPa. So the similarity ratio is 20.

0e similarity relationship is derived according to the
similarity criteria, and the similarity ratio of other main
physical quantities is shown in Table 5.

4.2. Similar TestMaterials. Barite powder, river sand, quartz
sand, engine oil, and rosin are used to configure similar
materials for surrounding rocks. Physical and mechanical
parameters of similar materials are shown in Table 6.

0e strength grade of concrete for prototype lining is
C25. Gypsum mixture (water-cement ratio is 0.686) and

0.5mm finished steel wire mesh (double layer) are used to
simulate the lining in the test, as shown in Figure 3.

0e actual strength grade of the basalt fiber-reinforced
concrete is CF25. 0e test used gypsum mixture (water
cement ratio is 0.611). Basalt fiber (Figure 4) and white
emulsion (to improve the adhesion between gypsum and
basalt fiber) are used to simulate the lining in the test. 0e
content of basalt fiber is determined as 11.5 kg/m3 according
to the bending toughness test.

0e physical and mechanical parameters of reinforced
concrete lining and basalt fiber-reinforced concrete lining
are shown in Table 7.

4.3. Test Equipment. 0e test uses vertical steel plate model
test platform (Figure 2), miniature pressure box (DYB-1
type, Figure 5(a)), displacement sensor (YHD type,
Figure 5(b)), and static strain collector (Figure 6).

4.4. Layout of Measuring Points. 0e test is divided into 2
groups, reinforced concrete lining and basalt fiber-reinforced
concrete lining, with three specimens in each group. Because
the lining is symmetrical and the loads are also symmetrical,
the measuring points can only be set in half of the lining
section. 0ere are 5 typical measuring points (vault, left
haunch, middle of left side, and inverted arch), and the ar-
rangement of measuring points is shown in Figure 7.

4.5. Test Process. First, fill the test platform with soil and
compact it every 20 cm until it reaches the bottom height of
the test piece; second, bury the lining structure, lay up the
test sensor, and fill the soil to the specified height of the
surface; finally, load step by step (2 t/grade), until the lining
is damaged (marked by the appearance of the through
crack).

Table 1: Test contents.

Project Specimen size
(mm)

Number of C25 plain concrete test
pieces

Number of CF25 basalt fiber-reinforced concrete
test pieces

Cube compressive
strength 100∗100∗100 3 3

Bending strength 100∗100∗ 400 3 3
Bending toughness 100∗100∗ 400 0 3
Note. Basalt fiber length is 30mm and diameter is 18 μm.

Table 2: Test results of compressive strength.

Type Average compressive strength (MPa) Size conversion factor Conversion strength (MPa) Growth ratio
Plain concrete 27.182 0.95 25.823 1
Basalt fiber-reinforced
concrete 32.852 0.9 29.567 1.145

Table 3: Test results of flexural strength.

Type Average bending strength (MPa) Size conversion factor Conversion strength (MPa) Growth ratio
Plain concrete 3.042 0.85 2.586 1
Basalt fiber-reinforced concrete 3.571 0.85 3.035 1.174
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Table 4: Test results of flexural toughness.

Type
Test piece number

Average value
JTH-1 JTH-2 JTH-3

Initial crack strength (MPa) 3.37 3.62 3.43 3.47
Equivalent bending strength (MPa) 2.38 2.27 2.14 2.26
Bending toughness ratio 0.59 0.48 0.52 0.53
Toughness index I10 8.7 9.9 10.3 9.63
Toughness index I30 31.75 29.77 27.54 29.69
Toughness R30/10 115.25 99.35 86.2 100.27

Figure 2: Test platform.

Table 5: Similarity ratio of main quantities.

Type Physical quantities Similarity ratio

Material properties

Elastic modulus 20
Compressive/tensile strength 20

Stress 20
Strain 1

Poisson ratio 1
Internal friction angle 1

Density 1
Load Load 8000
Geometric characteristics Geometric length 20

Table 6: Physicomechanical parameters of surrounding rock similar material.

Material Modulus of elasticity (MPa) Poisson’s ratio Weight
(kN·m− 3) Cohesion (kPa) Friction angle (°)

Surrounding rock (prototype) 1210 0.41 18 120 23
Similar materials of surrounding rock 58.5 0.42 18.5 6.1 25

Figure 3: Double-wire mesh for simulation. Figure 4: Basalt fiber for simulation.
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5. Analysis of Test Results

5.1. Test Phenomenon

5.1.1. Reinforced Concrete Lining. Under the action of ver-
tical load, the first crack appears in the inner side of inverted
arch, the initial crack load is 10 t, and the width and depth of
the crack increase with the increase of the load; then the
longitudinal crack appears on the vault and the left and right
side wall foots; it continues to increase the load, and the crack
gradually appears on the left and right sides of haunch, the
side walls, and the inverted arch; loading to 20 t, when the
structure is damaged, there are 9 cracks.0e test phenomenon
and crack distribution are shown in Figures 8 and 9.

5.1.2. Basalt Fiber Concrete Lining. 0efirst crack appears on
the vault of basalt fiber-reinforced concrete lining, and the
initial crack load is 12 t. Due to the inhibition of basalt fiber,
the depth of the crack increases slowly with the increase of the
load, and the path of crack is tortuous; then cracks appear in
the inverted arch, vault, and side wall. When the load reaches
24 t, there are no through cracks in the lining structure and
the number of cracks is 13. 0e test phenomenon and crack
distribution are shown in Figures 10 and 11.

5.2. Radial Pressure. Extract the radial pressure between
surrounding rock and lining at each monitoring point
during loading at every grade, and draw the curve of radial
pressure and load, as shown in Figure 12.

As can be seen from Figure 12, the actual radial pressure
acting on the lining is about 30%∼40% smaller than the
theoretical value, and this part of the load is mainly shared by
rock.

It can be seen from Figure 12 that the radial pressure of
the lining increase linearly. When the first crack appeared
(reaching the initial crack load), the rate of radial pressure
growth has started to slow. 0e stress of basalt fiber-

Table 7: Physicomechanical parameters of lining.

Material Modulus of elasticity (MPa) Weight (kN·m− 3) Poisson’s ratio

Reinforced concrete Prototype lining 29500 25 0.2
Similar material 1382 24.3 0.2

Basalt fiber-reinforced concrete Prototype lining 29500 25 0.2
Similar material 1409 24.4 0.2

(a) (b)

Figure 5: Test sensor. (a) Miniature pressure box; (b) displacement sensor.

Measuring point 1

Measuring
point 2

Measuring
point 3

Measuring
point 4

Pressure box
Displacement meter

Figure 7: Arrangement of measuring point.

Figure 6: Static strain gauge.
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reinforced concrete lining is more uniform than that of
reinforced concrete lining, which is mainly due to its good
crack resistance and deformation control ability. When the
basalt fiber-reinforced concrete lining bears twice the initial
crack load, the structure is still intact (when the reinforced

concrete lining bears twice the initial crack load, the
structure is damaged).

In Figure 12(c), the radial pressure in the middle of the
reinforced concrete lining side wall increases sharply when
the load is 14 t, which is mainly due to the initial cracks in the

Figure 8: Lining cracks of reinforced concrete.

Le� haunch Vault

Right side
wall foot

Right haunch

Le� side
wall foot

Inverted archInverted arch

Figure 9: Distribution map of lining cracks of reinforced concrete.

Figure 10: Lining cracks of basalt fiber-reinforced concrete.

Le� haunch Vault

Right side
wall foot

Right haunch

Le� side
wall foot

Inverted archInverted arch

Figure 11: Distribution map of lining cracks of basalt fiber-reinforced concrete.
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lining causes the flat rate of the section to suddenly decrease,
and the side wall is sharply squeezed toward the surrounding
rock, resulting in the sharp increase of the radial pressure
here.

5.3. Radial Displacement. Extract the radial displacement at
every grade of loading, and draw the curve of the radial
displacement and load, as shown in Figure 13.

It can be observed in Figure 13, before the initial crack
load is reached, the radial displacement is basically linear
with the increase in load. When the initial crack load is
reached, the radial displacement growth rate increases ob-
viously, and the reinforced concrete lining is larger than the
basalt fiber-reinforced concrete lining. When loaded with
the same load, the radial displacement of reinforced concrete
lining is larger than that of basalt fiber-reinforced concrete
lining. In conclusion, crack resistance, toughness, and de-
formation control ability of basalt fiber-reinforced concrete
lining is better than that of reinforced concrete lining.

5.4. Bearing Characteristics. Extract the radial pressure and
displacement at every grade of loading, and draw the curve
of bearing characteristic as shown in Figure 14.

It can be seen from Figure 14 that the measuring points
at the vault, haunch, and middle of the inverted arch
continuously deform towards the inner direction of the
tunnel, and the law is basically the same. In the process of
loading, the measuring points of the side wall deform to-
wards the surrounding rock continuously, which is different
from other measuring points. 0e bearing characteristics of
the basalt fiber lining structure are analyzed by the vault as
the representative measuring point of the internal defor-
mation of the structure, and the middle of the side wall as the
representative measuring point of the external deformation
of the structure.

5.4.1. Internal Deformation Measuring Point-Vault.
When the initial crack load is reached, the radial dis-
placement growth rate of reinforced concrete lining mea-
surement point increases abruptly, and the radial pressure
growth rate slows down. 0e final load of reinforced con-
crete lining increases by about 50% (compared with the
initial crack load).

When the initial crack load is reached, the radial dis-
placement growth rate of the basalt fiber-reinforced concrete
lining has a certain degree of increase, the radial load growth
rate has a slow trend, and the bearing capacity of the
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Figure 12: Change curve of the radial pressure and load. (a) Measuring point 1-vault, (b) measuring point 2-haunch, (c) measuring point 3-
middle of side wall, and (d) measuring point 4-middle of inverted arch.
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Figure 13: Change curve of the radial displacement and load. (a) Measuring point 1-vault, (b) measuring point 2-haunch, (c) measuring
point 3-middle of side wall, and (d) measuring point 4-middle of inverted arch.
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Figure 14: Continued.
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structure is still high. When loaded with 2 times the initial
cracking load, the lining structure still has a certain bearing
capacity. Compared with reinforced concrete lining, the
bearing capacity and deformation control capacity of basalt
fiber-reinforced concrete lining are significantly improved.

5.4.2. External Deformation Measuring Point-Middle of Side
Wall. During the loading process, the lining of the side wall
deforms towards the surrounding rock, which will be af-
fected by the reaction of the surrounding rock, resulting in
the increasing radial pressure of the relevant parts of the
lining.

Because of the toughness and crack resistance of basalt
fiber-reinforced concrete, the radial displacement in the
middle of side wall is less than 10%∼20% of the reinforced
concrete under the same load condition when reaching the
initial crack load, and the basalt fiber-reinforced concrete
lining can still bear a large bending moment when reaching
the initial crack load. Because the radial displacement in the
middle of the lining side wall with basalt fiber-reinforced
concrete is small, the radial pressure is also small (compared
with reinforced concrete).

6. Conclusion

(1) When the main load direction is vertical, the first
longitudinal crack appears in the middle of the
inverted arch or the inner side of the vault.0e initial
crack load of reinforced concrete lining is 10 t, and
basalt fiber-reinforced concrete lining is 12 t. Due to
the inhibition of basalt fiber, the path of crack de-
velopment is tortuous, which ultimately delays the
damage of lining. When the reinforced concrete
lining is loaded to 2 times of the initial crack load, the
structure is damaged and finally 9 cracks are gen-
erated; when the basalt fiber-reinforced concrete
lining is loaded to 2 times of the initial crack load,
there are still no through cracks in the lining
structure and the number of cracks has reached 13.

(2) 0e actual radial pressure acting on the lining
structure is about 30%∼40% less than the theoretical
calculation value, which is mainly shared by the
surrounding rock. Owing to the good crack resis-
tance and deformation control ability of basalt fiber,
the stress of lining is more uniform than that of
reinforced concrete after the initial crack load is
reached.

(3) Before the initial crack load is reached, the radial
displacement is basically linear with the increase of
load; after reaching the initial crack load, the growth
rate of radial displacement increases obviously and
the reinforced concrete lining is larger than the basalt
fiber-reinforced concrete lining. When basalt fiber is
added into the lining structure, the toughness of the
lining structure is enhanced and the lining can still
bear large bending moment and reduce the defor-
mation rate of the structure after reaching the initial
crack load.

(4) Before the initial crack of lining is appeared, the
bearing characteristic curve of reinforced concrete
and basalt fiber-reinforced concrete lining basically
changes in line. After the initial crack is appeared, the
bearing characteristic curve of the reinforced con-
crete lining rises slowly and tends to convergence
rapidly; the bearing characteristic curve of the basalt
fiber-reinforced concrete lining rises slowly, and
there is no sign of convergence when it reaches 2
times of the initial crack load.
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Figure 14: Bearing characteristic curve of lining structure. (a) Measuring point 1-vault, (b) measuring point 2-haunch, (c) measuring point
3-middle of side wall, and (d) measuring point 4-middle of inverted arch.
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