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Abstract: Current research efforts aim to develop insulating building materials to cope with hot
tunnels by using crop straw fibers. The amount of straw fiber incorporated included different
percentages of the gelling material mass: 0% (reference specimen), 2.5%, 5%, 7.5%, and 10%. The
study focused on the concrete’s compressive strength, permeability, and thermal coefficient. The
thermal coefficient of dry concrete decreased with increasing fiber content. However, the porosity of
concrete mixed with more straw fibers increased, thus decreasing compressive strength. Concrete
with a fiber content of 7.5% had the best overall performance, and it had a low thermal conductivity
(0.158 W/(m·k)). According to COMSOL simulation results, the tunnel wind flow temperature
of concrete with 7.5% fiber content was lower than the tunnel wind flow temperature of plain
concrete. Thus, the obtained straw fiber heat-insulating concrete is a promising candidate material for
tunnel insulation.

Keywords: straw fiber; insulating concrete; performance test; SEM images; numerical simulation

1. Introduction

In recent years, more and more tunnels have been built and operated in high temper-
ature environments. In hot tunnels, excessive airflow temperatures increase heat-related
diseases and damage human health [1]. The wet bulb air temperature exceeds 32.5 ◦C,
which leads to decreased efficiency and increased accidents [2]. Traditionally, refrigeration
systems are applied in high temperature areas to provide cool air to the workplace. The
power consumption of this cooling system accounts for 25% of the total power consumption
of the mine with high operating costs and low efficiency, thus making it difficult to solve
the high temperature problem [3] completely. This is because 70% of the increased heat in
the gas stream comes from the high temperature surrounding rock. An active insulation
technique with additional insulation on the tunnel surface has been increasingly used in
areas with temperature anomalies [4–6].

Due to the particular environment of underground tunnels, most of the applied
insulation materials are based on inorganic concrete with good insulation properties, low
density, and suitability for underground spraying and support [7,8]. Inorganic fiber concrete
has a low thermal conductivity and good mechanical properties, which can reduce the
tunnel cooling load and contribute directly to the energy economy [9]. However, synthetic-
based insulating fiber materials have many shortcomings and hazards. Glass fiber and
asbestos fibers produce floating silica dust, glass wool dust, and broken glass dust during
production and on-site construction [10]. These dust specks endanger workers’ health,
causing allergic skin diseases, respiratory diseases, and even cancer [11]. Basalt fibers are
widely used in defense security facilities, but they have small production volumes and high
production costs. They are an important strategic material that are making their way into
general civilian construction [12]. The production of these synthetic-based insulating fiber
materials is based on non-renewable resources, and the production process produces a large
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amount of industrial waste and carbon dioxide, which is against the concept of sustainable
development. Following a sustainable development strategy, we are looking for a new
fiber to replace synthetic fiber. Plant fiber is organic and is a promising green insulation
material. In China, rice straw fiber has the advantages of comprehensive sources, abundant
raw materials, low prices, and excellent mechanical properties [13–15]. The application
of rice straw fibers for building wall insulation can reduce the reliance on non-renewable
materials, reduce pollutant emissions, and reduce greenhouse gas emissions [16,17]. Most
scholars use a very low percentage of natural fiber reinforcement (1–2%) when discussing
mechanical properties. For concrete materials sprayed in high-temperature alleys, it is
necessary to investigate a higher percentage of fiber reinforcement in the concrete mixture
to achieve the desired thermal return.

Due to the difficulty of controlling many variables in field measurements, the ex-
pensive costs, and the time constraints, numerical simulations have been used to study
the temperature fields of tunnels with different concrete spraying. Yicai Liu [18], in a
study of ventilation in an underground hydroelectric power plant, found that the simu-
lated data from the air outlet matched the measured values very well and had a similar
trend. The data from the air outlet could greatly reflect the accuracy of the simulated air
cooling effect. Wenhao et al. [19] compared the numerically simulated average air tem-
perature at the excavated working face with the actual measured temperature in the field.
They found that the two temperature profiles showed very similar trends, which proved
the model’s accuracy. COMSOL Multiphysics software can predict changes in airflow
temperature distribution.

This research work focused on adding straw fibers to concrete to create a new insulat-
ing concrete that would reduce airflow temperatures in hot tunnels. The apparent density,
compressive strength, impermeability, and thermal conductivity of five specimens with
different fiber percentage contents were tested. Finally, the temperature fields of plain
concrete and fiber-insulating concrete tunnels were simulated separately. The produced
straw fiber insulating concrete provides a new means to control the high temperature
hazards of the tunnel.

2. Materials and Experimental Testing
2.1. Materials

The constituent materials of straw fiber concrete included cement, fly ash, sand with a
particle size of less than 1 mm, Ceramic pellets with a particle size of 2–3 mm, and closed
cell glass beads with a particle size of 0.5–1 mm. The straw fiber was sourced from local
farmers. The type of cement was P.042.5 ordinary silicate cement (Nanfang Cement Plant,
Shaoyang, Hunan Province, China). The fly ash used was ordinary high calcium fly ash
(Hengxin Mineral Processing Co., Ltd., Shijiazhuang, China). Ceramic pellets and closed
cell glass beads were from Muoi Building Materials Co. (Qingdao, China). The sand used
was river sand (Maobo Building Materials Co., Shijiazhuang, China).

2.2. Preparation of Straw Fiber

After the autumn harvest, the straw was purchased from local farmers. After 2 months
of natural drying, the straw was selected as the test sample with integrity, smoothness, and
suitable thickness. A high speed multi-functional pulverizer was used to break the long
straw to make fiber, and a filtering sieve removed the residue. The crushed fibers were
8–12 cm long and 0.3–0.4 cm thick. Figure 1 shows the natural rice straw and the
finished fibers.
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Figure 1. (a) natural straw; (b) straw fibers.

2.3. Preparation of Straw Fiber Concrete Samples

The mass ratio of fly ash, ordinary silicate cement, ordinary sand, and ceramsite was
fixed as 1:4:11.5:6.5 with a water cement ratio of 0.55 by mass [20,21]. The amount of
closed-cell glass beads added was half of the total volume of raw materials. Before sample
making, we soaked the fiber in water to fully absorb water. The amount of straw fiber
incorporated was different percentages of the gelling material mass (0%, 2.5%, 5%, 7.5%,
10%). We placed the fibers and other materials in a blender and mix thoroughly. The
addition amounts of each component of concrete are shown in Table 1. Then, they were
cast in a mold and put on the vibrating table to vibrate and compact, generally in about
10 s. The mixture was kept in the mold for 24 h and then demolded and maintained. The
curing time for the samples to be tested for apparent density, compressive strength, and
impermeability rating was 28 days. The samples were tested for thermal conductivity
on the 3rd and 28th day of curing, respectively. To investigate the effect of moisture on
the thermal conductivity of concrete, samples cured for 28 days were dried and tested
for thermal conductivity (drying temperature of 100 ◦C and time of 50 min). Apparent
density, compressive strength, and thermal conductivity test items were prepared with
three identical samples, and the average value was taken as the final result. Six identical
samples were prepared for the impermeability grade test, and the average value was taken
as the final result. Figure 2 shows the sample preparation process.

Table 1. Density of concrete components.

Fiber Content (%)
The Addition Concrete of Each Component of Mortar (kg/m3)

Cement Fly Ash Sand Water Ceramic Pellets Glass Beads Fibers

0 26.24 6.56 75.44 18.04 42.65 29.15 0
2.5 26.24 6.56 75.44 18.04 42.65 29.15 0.82
5 26.24 6.56 75.44 18.04 42.65 29.15 1.64

7.5 26.24 6.56 75.44 18.04 42.65 29.15 2.64
10 26.24 6.56 75.44 18.04 42.65 29.15 3.28
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density of 214~294 kg/m3. The density of the reference sample without added fibers was 
greater than that of the sample with added fibers. This is because the fibers in the concrete 

Figure 2. Flow chart of concrete sample preparation.

2.4. Experimental Testing

The thermal conductivity of the specimens was measured using a DRPL-I thermal
conductivity tester (Xiangtan City, China) according to “Thermal Insulation-Determination
of steady-state thermal resistance and related properties-Guarded hot plate apparatus” [22].
The DRPL-1 thermal conductivity meter (Figure 3) has a hot plate temperature adjustment
range of 0–100 ◦C and a sample thickness range of 0–500 mm, and it takes about 40–60 min
to calculate the thermal conductivity. The sample size was 150 mm × 150 mm × 50 mm.
According to the “Standard for test method of mechanical properties on ordinary concrete,”
the compressive strength of the specimens was measured using an AGX-250 electronic
universal testing machine (Kyoto, Japan) [23]. This tester has a maximum load capacity
of 2000 kN and a constant rate of 1 mm/min. The dimensions of the sample used to
test the compressive strength were 100 mm × 100 mm × 100 mm. In accordance with the
“Standard for long-term performance and durability of ordinary concrete test methods” [24],
the penetration resistance level was tested with a concrete penetration tester of type SS-1.5
(Jinan, China). The dimensions of the samples were 175 mm in diameter at the top, 185 mm
in diameter at the bottom, and 150 mm in height.
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The interfacial bonding of straw fiber with concrete and the internal structure of
fiber were investigated using an Apreo S HiVac scanning electronic microscope (Thermo
Scientific, Beijing, China) with an accelerating voltage of 5 kV. The sputter coating of gold
(Au) was done on samples to get quality images from SEM.

3. Analysis of Test Results
3.1. Apparent Density

The apparent density values are shown in Table 2, and the samples had an apparent
density of 214~294 kg/m3. The density of the reference sample without added fibers
was greater than that of the sample with added fibers. This is because the fibers in the
concrete created indiscriminate gaps, and the plant fibers had a smaller mass than other
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raw materials. Straw fiber insulating concrete has the advantage of being lighter due to its
lower apparent density.

Table 2. Apparent density of concrete with each fiber content.

Fiber content (%) 0 2.5 5 7.5 10

Apparent density (Kg/m3) 294 264 258 235 214

3.2. Thermal Conductivity

Figure 4 shows the thermal coefficient of concrete at room temperature. We observed
that the thermal coefficient of fiber concrete in the moist condition was greater than that
in the drying condition. During the natural drying process, the moisture content of the
concrete gradually decreased. The moisture content on day 3 was greater than the moisture
content after drying on day 28. Under normal pressure and temperature, the liquid water’s
thermal coefficient was about 0.6 W/(m·◦C), which had good heat transfer performance.
In the early stages of fiber concrete forming (3d), the higher moisture content affects the
insulation properties. For moist concrete, the thermal conductivity increased with increas-
ing fiber content. The thermal conductivity ranged from 0.645 W/(m·k) for the control
sample to 1.062 W/(m·k) for the 10% fiber sample. The addition of 10% fibers increased the
thermal conductivity of the wet concrete by about 39.2%. Therefore, improving the water
and moisture resistance of the concrete-based insulation materials was necessary.
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Figure 4. Effect of fiber content on the thermal coefficient of insulating concrete.

Figure 4 also shows that the thermal conductivity of dry concrete decreased as the
percentage of fibers increased. For dry concrete, it ranged from 0.314 W/(m·k) for the
control sample to 0.142 W/(m·k) for the 10% fiber sample. The addition of 10% fibers
increased the thermal insulation of the concrete by about 54.7%. The first reason for the
improved thermal insulation of the concrete is the natural ability of the tiny hollow structure
of plant fibers to resist heat flow [25,26]. During the curing of the fiber and the matrix, tiny
voids were formed at the union of the fiber and the matrix. The interior of the void inside
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and around the fiber was filled with air, which has a very low thermal conductivity. Tiny
voids can reduce the thermal conductivity of the material. Secondly, the straw fiber itself
has a relatively low thermal conductivity, which is smaller than that of most of the raw
materials. Only the thermal conductivity of glass beads and ceramic pellets is smaller than
that of straw. Adding materials with small thermal conductivity will reduce the overall
thermal conductivity of the concrete. The aggregate type significantly affects the thermal
conductivity of the concrete [27].

3.3. SEM Micrographs

Figure 5a shows SEM images of the fiber matrix-bonded interface and fiber surface
collected from a concrete sample with low fiber content (2.5%) after compressive strength
testing. The concrete matrix around the fibers was filled with ceramic particles and glassy
microbeads. The glassy microbeads had been mostly destroyed and were hollow inside
with high porosity. After the sample was disrupted, part of the fiber remained in the matrix,
and the other part was detached from the matrix. The part of the fiber that remained in the
matrix was firmly embedded in the matrix, and the fiber was highly bonded to the other
raw materials. The part of the fiber that was detached from the matrix was very rough and
could be observed from further magnified microscopic images. There was no bare surface
of the fiber, and a thick layer of gelling material covered the surface of the fiber; there were
dense sand particles on the surface of the gelling material. The fibers had a high degree
of bonding with the matrix and could act as a bond for stress transfer, thus enhancing the
strength of the concrete.
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Figure 5b shows the SEM images of the fiber matrix bonding interface and the fiber
surface collected from the concrete sample with 10% fiber content. The fiber matrix bonding
was relatively poor, with large voids between the fibers and the matrix, and the fibers
exposed outside the matrix were relatively smooth. It was observed from the magnified
image of the fiber surface that the gelling material on the fiber surface was not uniformly
distributed, and the gel material was relatively thin, with only a small amount of sand
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particles attached to the gelling material. The amount of gelling material added to the fiber
concrete samples with 10% and 2% fiber content was the same. More fibers were added
to the sample with 10% fiber content and less gelling material on the fiber surface, thus
resulting in poorer fiber matrix bonding.

3.4. Compressive Strength

Figure 6 shows the compressive strength of the concrete with different fiber contents.
We observed that the compressive strength decreased with increasing fiber content. Only
with the addition of 2.5% fiber content was the compressive strength of the concrete
improved. The compressive strength of concrete with 5%, 7.5%, and 10% fiber content
was weakened by 6.6%, 20.4%, and 36.1%, respectively. If the fibers are well bonded to the
matrix, the tension can be transferred to the fibers. This requires that the fibers are well
bonded to the gel material in the material. When the concrete is subjected to external forces,
the fibers can connect the two ends of the tiny cracks and transmit the external forces down
to produce more tiny cracks, thus slowing down the overall breakage of the concrete ring
and enhancing the mechanical properties. The right amount of fiber is evenly mixed by the
machine and spread in the concrete to form a three-dimensional chaotic network system
in space. This system can gather other raw materials, resist the development of micro-
cracks, and improve the integrity of the concrete. In order to effectively reduce the thermal
conductivity of concrete, the maximum fiber admixture reached 10%. Incorporating fibers
will inevitably increase the number of interfaces inside the concrete. They will increase
the number of dense and tiny voids, and the increased voids will be mainly distributed
between the fiber surface and the cement matrix. We observed this phenomenon in the SEM
microscopic concrete images with 10% fiber content. According to MacVicara et al. [28],
the increase in porosity in concrete due to adding fibers is the main factor responsible
for the decrease in compressive strength. As has been observed by other researchers, the
mechanical properties of the cement–plant fiber composite concrete depend mainly on the
fiber content, fiber orientation, and the quality of load transfer between the fibers and the
matrix [29].
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3.5. Impermeability

The impermeability grade of the fiber concrete is shown in Figure 7. Figure 7 shows
that the seepage resistance of the concrete was significantly better than that of the reference
concrete. Concrete with a fiber content of 7.5% had the best permeability resistance, with
an impermeability grade of 21. Glass beads are a porous material with low strength and
high permeability. Concrete, after the introduction of fibers, increased the porosity. The
voids in the concrete matrix tended to form seepage channels under higher water pressure,
thus enhancing the permeability of the concrete. However, the randomly distributed straw
fibers in the concrete can block the seepage channels.

Buildings 2023, 13, x FOR PEER REVIEW 8 of 16 
 

The voids in the concrete matrix tended to form seepage channels under higher water 
pressure, thus enhancing the permeability of the concrete. However, the randomly dis-
tributed straw fibers in the concrete can block the seepage channels. 

 
Figure 7. Impermeability grade of concrete with different fiber contents. 

Although the compressive strength of the 7.5% fiber content insulating concrete was 
slightly reduced, the thermal insulation performance in the dry state was improved by 
49.6%, and it had very low thermal conductivity. The thermal conductivity was only (0.158 
W/(m·k)). Moreover, the concrete with 7.5% fiber content had the best permeability re-
sistance. Overall, the concrete with 7.5% fiber content had the best overall performance. 

4. Numerical Simulation Study of Optimal Insulation Thickness 
Straw fibers that are wet for a long period tend to decay and lose their reinforcing 

effectiveness. Enhancing the durability of wet straw fiber concrete was our next research 
work. Currently, straw fiber concrete can be used in specific high-temperature tunnels, 
such as transport alleys in dry, well-ventilated mines, concentrated flat alleys in mining 
areas, and mining alleys with a short service life (service life of no more than 1 year). The 
straw fiber insulating concrete we developed was very cheap and can be repainted with 
concrete at any time if it breaks down. 

A 500 m, well-ventilated, dry, high temperature tunnel was simulated with COMSOL 
Multiphysics software. The thermal insulation effect of the insulated concrete was verified 
by comparing the effect of straw fiber insulated concrete and plain concrete of the same 
thickness on the temperature field. 

The conjugate heat transfer system between the surrounding rock and the wind flow 
is divided into heat conduction and convection [30]. Their control equations are as follows. 

Heat transfer equation: 𝜌𝐶 𝜕𝑇𝜕𝑡 + ∇ ∙ 𝑞 = 𝑄 (1)

𝑞 = −𝜆∇𝑇 (2)

where 𝜌 is the density of the solid; 𝐶  is the specific heat capacity of the solid; T is the 
temperature of solid; t is the time; q is the heat flux density; 𝑄 is the total heat in the heat 
transfer process; and 𝜆 is the thermal conductivity of the solid. 
Heat convection equation: 

Figure 7. Impermeability grade of concrete with different fiber contents.

Although the compressive strength of the 7.5% fiber content insulating concrete was
slightly reduced, the thermal insulation performance in the dry state was improved by
49.6%, and it had very low thermal conductivity. The thermal conductivity was only
(0.158 W/(m·k)). Moreover, the concrete with 7.5% fiber content had the best permeability
resistance. Overall, the concrete with 7.5% fiber content had the best overall performance.

4. Numerical Simulation Study of Optimal Insulation Thickness

Straw fibers that are wet for a long period tend to decay and lose their reinforcing
effectiveness. Enhancing the durability of wet straw fiber concrete was our next research
work. Currently, straw fiber concrete can be used in specific high-temperature tunnels,
such as transport alleys in dry, well-ventilated mines, concentrated flat alleys in mining
areas, and mining alleys with a short service life (service life of no more than 1 year). The
straw fiber insulating concrete we developed was very cheap and can be repainted with
concrete at any time if it breaks down.

A 500 m, well-ventilated, dry, high temperature tunnel was simulated with COMSOL
Multiphysics software. The thermal insulation effect of the insulated concrete was verified
by comparing the effect of straw fiber insulated concrete and plain concrete of the same
thickness on the temperature field.

The conjugate heat transfer system between the surrounding rock and the wind flow
is divided into heat conduction and convection [30]. Their control equations are as follows.

Heat transfer equation:

ρCP
∂T
∂t

+∇·q = Q (1)

q = −λ∇T (2)
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where ρ is the density of the solid; CP is the specific heat capacity of the solid; T is the
temperature of solid; t is the time; q is the heat flux density; Q is the total heat in the heat
transfer process; and λ is the thermal conductivity of the solid.

Heat convection equation:
The heat convection equations include the continuity equation, the momentum equa-

tion, the energy equation, and the k-ε model equation. The k-ε model calculates the
tunnel airflow temperature closest to the actual situation [31]. Their control equations are
as follows.

Continuity equation:
∂ρ

∂t
+∇·(ρU) = 0 (3)

Momentum equation:

∂

∂t
(ρU) +∇·(ρUU) = −∇P +∇·(=τ) + ρ

→
g (4)

where ρ is air density, P is the static pressure, U is the velocity vector,
=
τ is the stress tensor,

and ρ
→
g is the gravitational body force.

Energy conservation equation:

∂

∂t
(ρE) +∇ · (U(ρE + ρ)) = −∇·

(
∑

j
hj Jj

)
+ Sq (5)

where E is total energy, hj is the formation enthalpy of species, Jj is the diffusion flux of
species, and Sq is the volumetric heat source.

k-ε two equation turbulence model:

∂

∂t
(ρk) +∇·(ρUk) = ∇·

[(
µ +

µt

σk

)
∇k
]
+ Gk − ρε (6)

∂

∂t
(ρε) +∇·(ρUε) = ∇·

[(
µ +

µt

σε

)
∇ε

]
+ C1ε

εGk
k
− C2ερ

ε2

k
(7)

µt = ρCµ
k2

ε
(8)

where Gk is the turbulent kinetic energy generated by the mean velocity gradient, µ is
the dynamical viscosity of the fluid, C1ε and C2ε are model constants, σk and σε are the
turbulent Prandtl number, and µt is turbulence consistency.

This study is based on a high temperature tunnel in China. We simplified the real
tunnel to a 3D hollow cylinder. The length of the model was 500 m. The model consisted of
wind flow, a concrete layer, and a surrounding rock mass. The thicknesses of the concrete
layer, airflow, and surrounding rock were 0.2 m, 3 m and 26.8 m, respectively. A model was
built based on the actual parameters. The settings of the numerical model are shown in
Table 3. The insulating concrete used the best overall performance of straw fiber insulating
concrete (7.5% fiber content). Thermophysical parameters of the surrounding rock mass,
the concrete layer, and the wind flow are shown in Table 4.

Table 3. Setting of simulation parameters.

Type Property Value Type Property Value

Inlet
Velocity inlet 2.5 m/s Wall of airway Ks 0.05 m
Temperature 288.65 k Cs 0.07

Outlet Pressure outlet 1.1 atm Solution methods Scheme Coupled
Viscous model K-epsilon Standard

Spatial discretization
Turbulent kinetic energy Second order upwind

Far Field boundary Temperature \ Turbulent dissipation rate Second order upwind
General Solver type Pressure-based Pressure PRESTO!
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Table 4. Thermophysical parameters of the surrounding rock mass, the concrete layer, and the
wind flow.

Material Thermal Conductivity (W/(m·k)) Density (kg/m3) Specific Heat (J/(kg·k))

surrounding rock mass 5.1 2593 790
plain concrete 2.5 1200 900

heat-insulating concrete 0.158 1650 \
wind flow 0.0242 1.225 1006.43

The meshing is shown in Figure 8. The minimum cell mass, average cell mass, and
cell volume ratio were 0.1394, 0.6584, and 2.005 × 10−5, respectively.
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For spraying, the same thickness of plain concrete and insulated concrete tunnels have
the same outer boundary conditions and the exact temperature of inlet air. As seen in
Figure 9a, the temperature field of the rock mass showed a significant change. Due to fresh
air’s cooling effect, the rock’s temperature near the tunnel wall decreased significantly. This
cooling effect diminishes as one moves away from the tunnel. When the distance exceeded
a certain threshold, the rock temperature remained almost at the original temperature
(313.15 k), which indicates that the perturbation range of the surrounding rock temperature
field was limited, and the heat flux was stable after a period of ventilation. In unit time,
due to the high thermal conductivity of ordinary concrete, a large amount of heat was
released from the surrounding rock into the tunnel, thus decreasing the surrounding
rock’s temperature. In Figure 9b, the trend of the temperature field of the surrounding
rock was not as significant as that in Figure 9a. The main reason is that the thermal
conductivity (0.151 W/(m·k)) of the insulating concrete mixed with rice straw fibers is
relatively low, which greatly hinders the heat transfer from the surrounding rock to the
wind flow. Therefore, the range and degree of temperature field disturbance in the rock
mass under the heat-insulating concrete was small, and the heat was effectively blocked in
the rock mass.

In Figure 10a, the high heat conduction performance of plain concrete allowed the
surrounding rock mass to emit a large amount of heat, thus increasing airflow temperature.
The temperature difference between the inlet airflow and the surrounding rock was the
largest, and the heat exchange was the strongest. With the gradual increase in ventilation
distance, the airflow temperature kept rising. The cooling of the wind flow had a decreasing
range of influence on the temperature field of the rock mass. In Figure 10b, a similar trend is
shown, although the change was not apparent. The airflow in the tunnel under the insulated
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concrete support had less temperature variation from start to finish, thus increasing the
efficiency of airflow cooling utilization.
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cloud of plain concrete supported tunnel; (b) temperature field cloud of insulated concrete
supported tunnel.

Figure 11 shows the radial temperature distribution curves at different ventilation
distances. In Figure 11, we observe that the temperature changed from the outer boundary
of the envelope to the center of the wind flow, with similar trends for both. However,
the magnitude of the values and the temperature change rate in the wind flow region,
the concrete region, and the envelope region were different. In the wind flow region, the
temperature at the tunnel entrance (0 m) was kept at its original minimum (Figure 11a).
When the wind flow reached 100 m (Figure 11b), the temperature of the wind flow near
the tunnel wall started to rise, while the airflow temperature at other locations remained
pristine. When the wind flow reached 250 m (Figure 11c), most wind flow temperatures
rose, and only the airflow temperature near the tunnel’s center remained in its original state.
When the wind flow reached 500 m (Figure 11d), the wind flow temperature throughout
the tunnel exceeded its original value. The wind flow temperature in tunnels under plain
concrete support rose faster than in tunnels under insulated concrete support. When the
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ventilation distance was 500 m, the airflow temperature in the center of the tunnel under
plain concrete support was 0.5 k higher than the airflow temperature in the center of the
tunnel under insulated concrete support; the airflow temperature at the tunnel wall under
plain concrete support was 1.2 k higher than the airflow temperature at the tunnel wall
under insulated concrete support. As is shown in Figure 11, a sharp increase in temperature
occurred in the concrete area. During the whole ventilation process, the temperature
difference between the inner and outer boundaries of the plain concrete was about 5 k,
while the temperature difference between the inner and outer boundaries of the insulated
concrete was about 14.5 k, thereby producing a significant temperature difference. In the
peritectic region, the rock temperature increased gradually and steadily from the concrete
to the farthest original boundary. The temperature of the rock mass of the sprayed plain
concrete tunnel was always lower than that of the rock mass of the sprayed insulated
concrete tunnel. It can be seen that, with the support of the insulating concrete, most of the
heat was trapped in the rock mass outside the tunnel. The temperature variance between
the rock of the sprayed plain concrete tunnel and the insulated concrete tunnel gradually
decreased with increasing radial depth, and the surrounding rock temperatures of both
were equal at the outermost original boundary.
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The tunnel wall temperature and wind flow temperature directly affected the heat
exchange between the surrounding rock mass and the wind flow, thus affecting the selection
of ventilation fan. Figure 12 shows the variation curves of the tunnel wall temperature and
the average temperature of the airflow. In Figure 12, we first observe that the temperature
variation curve of the tunnel wall was not smooth overall, with small zigzags at different
locations. Due to the roughness and unevenness of the tunnel walls after shotcrete, small
eddies appeared in the wind flow, which led to an uneven temperature profile that was
more pronounced in the tunnel supported by plain concrete. The temperature variance
between the wind flow and the rock wall was the largest near the entrance of the tunnel,
the heat exchange intensity between the wind flow and the rock was the strongest, and
the temperature of the wall rose rapidly. When the ventilation distance exceeded 13 m,
the wall temperature increased steadily and slowly. In the first 41 m of the ventilation
distance, the average airflow temperature was maintained at the initial airflow temperature
and then increased gradually and rapidly with the increase in the ventilation distance.
After the ventilation distance exceeded 41 m, the temperature difference between the wall
surface and the average temperature of the wind flow in the tunnel under plain concrete
support was about 1.5 k, while the temperature difference between the wall surface and the
average temperature of the wind flow in the tunnel under insulating concrete support was
about 0.9 k. A more significant difference between the wall temperature and the average
temperature of the airflow represents more heat added to the wind flow.
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5. Conclusions

Performance tests and numerical simulations analyzed straw fiber concrete’s physical
properties and thermal insulation effects for tunnel insulation. The following conclusions
can be drawn:

(1) The apparent density of fiber insulation concrete was 214~294 kg/m3, which is
lightweight. The thermal conductivity of fiber concrete in the moist condition was
more significant than that in the drying condition, and the higher water content
affected the thermal insulation performance. The thermal conductivity of the dried
concrete decreased with the increasing percentage of fibers. The addition of 10% fibers
increased the thermal insulation of the dry concrete by about 54.7%.
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(2) The compressive strength decreased with the increase in fiber content. Compared
to concrete without added fibers, the compressive strength of fiber concrete was
improved when only 2.5% of fiber content was added. When the number of fibers
was too much, the distribution was not uniform, which greatly increases the porosity
of the concrete and led to a decrease in compressive strength. The impermeability of
fiber concrete is significantly better than that of ordinary concrete. Concrete with a
fiber content of 7.5% had the best impermeability.

(3) By simulating and comparing the cooling effect of fiber insulation concrete and or-
dinary concrete, it could be found that the range and degree of temperature field
disturbances of the surrounding rock under the support of fiber insulation concrete
were smaller. The heat was effectively blocked in the surrounding rock, thus improv-
ing the efficiency of airflow cooling.

The humidity in general tunnels was high, and the straw fiber is relatively fragile;
further research is needed to improve the durability of straw fiber insulated concrete.

Author Contributions: Conceptualization, X.Z. and W.L.; Methodology, W.L.; Validation, J.H.;
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