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In this study, heat-insulating shotcrete with excellent performance was developed to effectively reduce the thermal conductivity
and meet the strength requirements of shotcrete in high ground temperature roadways. Ceramsite and pottery sand were used to
replace 5% and 10% of sand and stone, respectively.+e shotcrete was composed of cotton rod fiber treated with polyvinyl alcohol
solution (SH adhesive) and other materials in a certain mix ratio. +e working, mechanical, and heat insulation properties of the
shotcrete were investigated by compressive strength, splitting tensile, thermal conductivity, electron microscope scanning, and
X-ray diffraction tests. +e results showed that the optimum content of the cotton stalk fiber was 2 kg/m3. +e compressive
strength and the splitting tensile properties were excellent, and the strength attained the maximum value. +e performance of
shotcrete increased with an increase in the cotton stalk fiber content.+e thermal conductivity curve decreased smoothly when the
cotton stalk fiber content exceeded 2 kg/m3. Furthermore, when the cotton stalk fiber content was 0–2 kg/m3, the internal cotton
stalk fiber was tightly wrapped by the hydrate, and the mechanical properties were enhanced. Moreover, when the cotton stalk
fiber content was 2-3 kg/m3, a clustering phenomenon occurred, and the compressive and tensile strengths were reduced. +e
hydration reaction of the cement mixed with cotton stalk fiber was normal, and the reinforced reticulated porous structure was
formed with ceramsite in the concrete matrix, improving the strength of the concrete and reducing the thermal conductivity.

1. Introduction

As the depth of coal mines increases, the rock temperature
and thermal conductivity of the deep rock mass gradually
increase [1]. After tunnel excavation, the heat exchange
between the surrounding rock and the air can cause thermal
stress. Moreover, an increase in the ground temperature
triggers an increase in the thermal stress in the surrounding
rock during tunnel excavation. Consequently, several new
cracks are generated, and the stress distribution of the
surrounding rock is changed. An increase in tangential
stress, displacement, broken area, and the radius of the
plastic zone around the deeply buried roadway impacts the
roadway’s safety negatively [2–4], causing enormous ther-
mal disasters [5–12]. By adding admixture, shotcrete can be

used as a lining layer of the roadway to meet the strength
requirements and reduce the thermal conductivity of the
roadway [13, 14]. Furthermore, shotcrete can provide
support for the roadway and effectively prevent heat dis-
sipation of the surrounding rock. Shotcrete is treated using
some common methods. First, different fibers, such as steel,
polypropylene, and basalt fibers [15], are added to shotcrete,
but their effect on reducing the thermal insulation perfor-
mance of concrete is unapparent. Second, the concrete
aggregate is partly replaced with porous materials, such as
ceramsite, glass, and polystyrene beads, to reduce the
thermal conductivity of the concrete. However, porous
materials will considerably reduce the concrete strength;
thus, the machinability and molding difficulty will be poor
[16]. Additionally, the lightweight properties of glass and
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polystyrene beads make them float and separate during
mixing and vibration, which can adversely affect the pro-
cessing and mechanical properties of concrete [17, 18].
+ird, a plant fiber is added to concrete to form a composite
reinforcement material to improve the concrete strength
[19]. +e inherent multiscale cell wall of plant fiber and the
inner cavity structure can also reduce the thermal con-
ductivity of concrete [20]. However, plant fiber has poor
corrosion resistance, and the alkaline substance produced by
the hydration of the cement in the system after the plant fiber
is incorporated degrades easily, resulting in a lower concrete
poststrength and less durability.

+e low thermal conductivity [19] of plant fiber and its
good compatibility with the concrete matrix [21, 22] can
further reduce the thermal conductivity of the shotcrete.
Plant fibers are generally used as a silt soil reinforcement
material [23]. When plant fiber is mixed with concrete, the
internal reticular structure of concrete produces a secondary
reinforcement effect, which improves the concrete strength
and reduces the spring back caused by ceramsite ceramic
sand. +erefore, in this study, cotton rod fiber (plant fiber:
PL) was mixed with the ceramsite ceramic sand concrete to
prepare a new type of thermal insulation shotcrete. Un-
confined compressive strength, split tensile, thermal con-
ductivity, scanning electron microscope (SEM), and X-ray
diffraction (XRD) tests were conducted to examine the
working, mechanical, and thermal insulation properties of
the new thermal insulation shotcrete. Few studies have
investigated the influence of different cotton rod fiber
mixtures on the performance of heat insulation concrete.
+e newly developed shotcrete can prevent the heat dissi-
pation of the surrounding rock of the high ground tem-
perature roadway; the shotcrete can also improve the
thermal environment of the coal mine roadway.

Few studies have investigated the influence of different
cotton rod fiber mixtures on the performance of heat
insulation concrete. +e different plant fiber mix propor-
tions were designed in this paper for newly developed
shotcrete. It is different from previous studies that com-
pared different kinds of fiber mixed into concrete. +is
search focuses on the influence of different plant fiber
contents on concrete materials. Also, the newly developed
shotcrete can prevent the heat dissipation of the sur-
rounding rock of the high ground temperature roadway;
the shotcrete can also improve the thermal environment of
the coal mine roadway.

2. Materials and Methods

2.1. Materials. +e plant fiber used in this study was the
cotton stalk fiber from the salt city of Jiangsu Province and
processed by the Yancheng Institute of Technology. An
anticorrosion treatment was required because the biological
characteristics of the cotton stalk fiber can cause poor
corrosion resistance and less durability of the concrete
system [19, 23]. Modified polyvinyl alcohol (SH adhesive)
was selected to prevent poor corrosion resistance [24, 25].
First, the cotton rod fibers of each length were dried in a box
and soaked in saturated SH adhesive for three days.

+ereafter, the rod fibers were washed with anhydrous
ethanol and dried naturally [24]. Figure 1 shows fiber an-
ticorrosion treatment and the contrasting diagram of SEM
before and after the treatment. As can be observed in
Figure 1(a), the surface of the fiber was rough and contained
numerous holes before the treatment. Figure 1(b) shows the
soaking of the SH glue. As shown in Figure 1(c), SH adhesive
formed a solidified film on the surface of the fiber, encap-
sulating the fiber in the film to prevent direct contact be-
tween the fiber and the outside water and air. +is
phenomenon improved the stability and corrosion resis-
tance of the cotton rod fiber. Table 1 presents the main
chemical components of the cotton stalk fiber.

+e cement used was P.O 42.5 Ordinary Portland Ce-
ment (Bagongshan Cement Plant, Huainan City). +e
burning loss was 2.0%, the fineness of cement was 4.5%, the
stability was high, and the hydration heat was low. +e main
chemical components are presented in Table 2. +e test
aggregate was obtained from Huainan, Anhui, China, and
was mainly composed of the following: (1) the sand (river
sand) used for fine aggregate with a fineness modulus of 2.8;
(2) coarse aggregate (5–10mm melon seed stone) with a
crushing index of 7.5% (Table 3 presents sand and stone
performance parameter index); and (3) haydite and pottery
sand, which were the main substances to replace coarse
aggregate and fine aggregate, respectively. +e test additive
was composed of two components: (1) class I fly ash pro-
duced by a coal-fired power plant in Anhui, China, with a
fineness content of 10% (the ash quality index is shown in
Table 4). (2) +e water-reducing agent of the poly-
condensing acid. Tap water was the mixing water. All ma-
terials were selected based on the technical specifications for
the application of shotcrete (JGJ/T 372–2016) [26, 27].

2.2.Mix Ratio. +e experiment was based on a concrete mix
ratio of C30 shotcrete. Ceramsite and sand were used for
replacing 5% of the stone mass and 10% of the sand mass,
respectively. +e cotton stalk fiber was added to each
concrete group according to 0, 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0 kg/m3. +e raw material consumption of each group is
shown in Table 5.

2.3. Preparation of Test Blocks. +e compressive strength,
tensile strength, and thermal conductivity of each concrete
group were measured. In compliance with the construction
quality requirements of structural engineering concrete,
seven groups of ordinary concrete test blocks (design size,
100mm× 100mm× 100mm) and three parallel blocks were
used in each group to minimize error. +e compressive and
splitting tensile strengths were determined for each group.
+erefore, to measure the thermal conductivity, each group
contained six test blocks (making a total of 42 test blocks),
and seven groups contained 21 test blocks (design size,
300mm× 300mm× 300mm). +e unconfined compressive
strength and thermal conductivity of concrete were mea-
sured using WAW-2000 electrohydraulic servo universal
instrument and PDR-300 thermal conductivity instrument
after curing the test blocks in a saturated Ca(OH)2 solution
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for 28 days. +e measurements were performed in com-
pliance with the test standards for mechanical properties of
ordinary concrete (GB/T 50081-2002).

3. Evaluation of Test Results

3.1. Test Results. +e test results of the compressive strength,
tensile strength, and thermal conductivity of each group of
samples are presented in Table 6.

Table 6 illustrates that the shotcrete compressive and
tensile strengths increased first and then decreased with an
increase in the cotton stalk fiber content. However, the
thermal conductivity decreased gradually with an increase in
the cotton stalk fiber. When the cotton stalk fiber content

was 2.0 kg/m3, the shotcrete compressive and tensile
strengths attained maximum values of 39.6 and 2.72MPa,
respectively, and then decreased gradually. With an increase
in the cotton fiber content, the shotcrete thermal conduc-
tivity decreased continuously. Furthermore, when the cotton
fiber content was 3.0 kg/m3, the thermal conductivity was
the lowest, with a minimum value of 0.3072 W · (K · m)−1,
while the compressive and tensile strengths were 36.5 and
2.47MPa, respectively.

3.2. Compressive Strength Test. Figure 2 shows that the
shotcrete compressive strength can be improved by adding a
certain amount of cotton stalk fiber. For instance, when the

Table 1: Main chemical components of cotton stalk fiber.

Chemical constituent Holocellulose Klasson lignin Ash content Benzene-alcohol extract
Content (%) 70.26 22.29 5.60 1.86

Table 3: Quality index of sand and stone.

Project Sediment percentage (%) Stacking density (kg/m3) Particle size range (mm) Apparent density (g/cm3)
Sand ≤2 1470 0.16–1.0 2690
Cobblestone ≤0.2 1580 5–10 2700

Table 4: Quality index of fly ash.

Project Fineness (%) Water demand (%) Loss on ignition (%) Free calcium oxide (%) SO3 content (%)
Detection result 8 95 5 ≤1 ≤3

Table 5: Mix proportion design of plant fiber shotcrete (kg/m3).

Number Cement Cotton straw fiber Fly ash Haydite Pottery sand Cobblestone Sand Water Water reducer
C 425.7 0 49.5 41.6 83.1 789.0 747.5 212.9 3.9
PL1 425.7 0.5 49.5 41.6 83.1 789.0 747.5 212.9 3.9
PL2 425.7 1.0 49.5 41.6 83.1 789.0 747.5 212.9 3.9
PL3 425.7 1.5 49.5 41.6 83.1 789.0 747.5 212.9 3.9
PL4 425.7 2.0 49.5 41.6 83.1 789.0 747.5 212.9 3.9
PL5 425.7 2.5 49.5 41.6 83.1 789.0 747.5 212.9 3.9
PL6 425.7 3.0 49.5 41.6 83.1 789.0 747.5 212.9 3.9

(a) (b) (c)

Figure 1: SEM comparison of PL before and after anticorrosion treatment: (a) before, (b) during, and (c) after.

Table 2: Chemical composition of cement.

Chemical constituent SO3 MgO K2O Na2O Loss on ignition
Content (%) 3.20 1.66 0.63 0.36 2.54
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dosage was 0.5–2.0 kg/m3, the concrete compressive strength
increased by 5.7%–17.4%; when the dosage was 2.5–3.0 kg/
m3, the concrete compressive strength decreased. A small
amount of cotton stalk fiber and concrete matrix had a more
reliable cementation synergy, improving the concrete’s
compressive strength [18]. However, with an increase in the
cotton stalk fiber content, agglomerations inside the con-
crete were inevitable. +e agglomerations resulted in an
uneven distribution of cement paste, poor matrix, and
workability. +e concrete’s internal porosity was increased,
causing a decrease in the concrete’s compressive strength.
Cotton fiber contributed to the concrete’s compressive
strength with a critical content of 2 kg/m3.

+e load-displacement data corresponding to the
compressive and splitting tensile strengths of the cotton stalk
fiber concrete were used to fit the σ-ε curve during the stress
process of the test piece. +e fitting was performed using
Origin 9.0, as shown in Figure 3.

Figure 3 illustrates that the cotton stalk fiber concrete
underwent the elastic stage, elastic-plastic stage, peak
stress point, and plastic failure section. When the mixing
amount was 0–2 kg/m3 with an increase in the fiber dosage,
the peak stress increased continuously, while the corre-
sponding limit strain increased. When the mixing amount
was 2-3 kg/m3, the peak stress decreased, while the cor-
responding limit strain decreased. +e stress-strain curve

after the peak stress shows that the curve of the concrete
with cotton stalk fiber was gentler than that without the
cotton stalk fiber.

Figure 4 illustrates that, under pressure, the cotton stalk
fiber concrete had high structural integrity. With an increase
in fiber content, the degree of spalling on the surface of the
test block decreased, the integrity improved, and the
strength increased. However, the concrete surface without
cotton fiber was broken and peeled off in many parts.
Additionally, the concrete surface had deep cracks and
angular peeling, demonstrating that cotton fiber improved
the concrete compressive strength and structural integrity,
reduced the concrete brittleness, and enhanced the concrete
toughness.

3.3. Splitting Tensile Test. Figure 5 shows that the concrete
splitting tensile property was improved by adding cotton
stalk fiber. When the mixing amount was 0.5–2.0 kg/m3, the
concrete tensile strength increased by 7.5%–20.3%. Fur-
thermore, when the mixing amount was more than 2 kg/m3,
the concrete tensile strength decreased gradually. +e bond
with the concrete matrix can be enhanced by adding an
appropriate amount of cotton fiber, thus enhancing the
tensile strength [18]. However, adding excessive cotton fiber
weakens the tensile strength. +erefore, cotton fiber con-
tributed to the concrete tensile strength with a critical
content of 2 kg/m3 (corresponding to a concrete tensile
strength of 2.74MPa).

Table 6: Physical and mechanical parameters of shotcrete.

No.
Fiber
content
(kg·m−3)

Compressive
strength (MPa)

Increase
amplitude

(%)

Tensile
strength
(MPa)

Increase
amplitude

(%)

+ermal
conductivity
(w ∗ k/m)

Increase
amplitude

(%)

Bending
resistance
(MPa)

Amplification
(%)

C 0 33.7 0 2.28 0 0.3988 0 3.21 0
PL1 0.5 35.6 5.7 2.45 7.5 0.3689 −7.3 3.58 11.53
PL2 1.0 37.8 12.0 2.59 13.7 0.3474 −13.0 3.79 18.07
PL3 1.5 39.1 15.8 2.69 18.1 0.3279 −17.3 3.98 23.99
PL4 2.0 39.6 17.4 2.73 20.3 0.3183 −20.6 4.26 32.71
PL5 2.5 38.0 12.8 2.62 15.0 0.3101 −22.1 3.87 18.69
PL6 3.0 36.5 8.3 2.48 10.0 0.3072 −22.9 3.59 11.84
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Figure 2: Compressive strength fitting curve.
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Figure 3: Compressive strength stress-strain curve.
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As can be observed in Figure 6, the peak stress of the curve
increased continuously with an increase in the cotton stalk
fiber content, and the corresponding ultimate strain also
increased. When the cotton stalk fiber content was 2 kg/m3,
the maximum stress peak value was 2.74MPa. Furthermore,

when the cotton stalk fiber content was 2.5 kg/m3, the
maximum ultimate strain variable was 2.38×10−2.

Figure 7 illustrates that the crack width and depth in the
fiber-reinforced concrete test block were smaller and less
than those in ordinary haydite concrete.

3.4. Concrete Tension-Compression Ratio. Figure 8 illustrates
the concrete tension-compression ratio (corresponding to
different dosages), which intuitively expresses the influence of
cotton stalk fiber on the tension and compression performance
of shotcrete. +e figure illustrates that adding cotton stalk fiber
can improve the concrete tension-compression ratio. With an
increase in fiber content, the tension-compression ratio in-
creased because the cotton stalk fiber restrains the development
of microcracks and bears certain tensile stress. When the fiber
content was less than 2.0 kg/m3, the fiber distribution in the
shotcrete was more even, and it was easier to form a multi-
directional spatial structure.+e cotton stalk fiber and concrete
were an effective combination that improved the shotcrete
tensile performance and toughness.

3.5. 0ermal Conductivity Test. Cotton stalk fiber has good
heat preservation performance and low thermal conduc-
tivity. By adding cotton stalk fiber to concrete, the air
convection and radiation heat transfer performances be-
tween the hole walls in the concrete can be improved [5], and
the concrete thermal conductivity can be reduced. Conse-
quently, the thermal insulation performance of shotcrete can
be improved.

As illustrated in Figure 9, the shotcrete thermal con-
ductivity decreased continuously with an increase in cotton
stalk fiber content. Compared with the control experiment,
when the cotton stalk fiber content was 2, 2.5, and 3.0 kg/m3,
the thermal conductivity decreased by 20.61%, 22.09%, and
22.9%, respectively.

Cotton stalk fiber is an excellent insulation material with
low thermal conductivity.+e cotton stalk fiber was added to
the concrete to enhance the convection heat transfer of air
inside the concrete and the radiation heat transfer between
the hole walls; this enhancement can reduce the concrete
thermal conductivity and improve the thermal insulation
performance [28, 29].

PL2 (1.0 kg/m3)C (0 kg/m3)
PL4 (2.0 kg/m3)

Figure 4: Failure mode of compression specimen.
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Figure 5: Splitting tensile strength fitting curve.
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4. Microcosmic Analysis

To spray shotcrete onto the layer of a high-temperature
roadway support, the shotcrete requires the necessary me-
chanical strength and low thermal conductivity. +rough
microanalysis, the interaction between the admixture and the
cement paste in the injected concrete matrix was observed.
Macroscopic and microtests were used to analyze the effect of
the composition components on the mechanical strength and
thermal conductivity of the sprayed concrete. +e tests were
conducted using the small, crushed pieces. +e observation
sample was the interface part of the sprayed concrete cement
mortar and the cotton stalk fiber. +e content of the com-
ponents and hydration reaction components in the concrete
were analyzed by XRD. Using SEM, the intuitionistic mor-
phology of the concrete matrix was observed, and the rela-
tionship between macrostructure and microstructure was
analyzed in more detail. Additionally, the relationship be-
tween the components of cotton stalk fiber-sprayed concrete
was determined. Finally, the mechanism for improving
concrete strength and reducing thermal conductivity by using
cotton stalk fiber was analyzed more comprehensively.

4.1. X-Ray Diffraction Analysis. +e cotton stalk fiber
content differed throughout the seven groups of thermal
insulation shotcrete. Based on the previous test, the
optimum cotton stalk fiber content in shotcrete was
2.0 kg/m3 (corresponding to the PL-4 specimen). For
XRD comparison and analysis, PL-3, PL-4, and PL-5
were marked as 1#, 2#, and 3#, respectively. +e samples
were sealed after grinding, and they were passed through
a 400-mesh screen. +e test results are shown in
Figure 10.

+e vertical axis of Figure 10 represents the content value
of the corresponding element, and the horizontal axis
represents the diffraction angle range. Samples numbered 1#,
2#, and 3# were in the same test environment. Consistent
with the study in references [30, 31], the XRD spectra of the
three groups of samples showed 2 Aft and 1 Ca(OH)2) peaks.
+e height of peak B of sample 2 was higher than that of peak
A, and the alunite content was greater than that of Ca(OH)2.
+e alunite peak height in sample 2# was the largest.
+erefore, the compressive strength of sample 2# was the
largest and was consistent with the compressive strength test
result. +e porcelain granule contains a certain amount of
clay mineral and can be reacted with Ca(OH)2 of the main
hydration product of the cement to form calcium stone. +e
alunite content was increased to reduce the calcium hy-
droxide content. Additionally, because the concrete was
mixed with ceramsite, ceramic sand, fly ash, and other
mineral admixtures, several free elements in each admixture
reacted to form two kinds of polymers: 5 Al (OH)3·AlPO4
and 7.2 MgSO4 Mg (OH)2. +ese polymers are flame re-
tardants with high strength, stable size, and crack resistance
[32, 33].

4.2. ScanningElectronMicroscopeAnalysis. +e SEM images
in Figure 11 represent the cross section of the insulating
concrete matrix. +e cement hydration product was hy-
drated calcium aluminate; the secondary cement hydration
product was the alunite. +e hydration products closely
wrapped the cotton stalk fiber, which was inserted into the
concrete. Figure 11 illustrates an even distribution with red
arrows highlighting the product. +e cotton stalk fiber was
tightly wrapped by the hydrate, forming a stable spatial

C (0 kg/m3) PL4 (2.0 kg/m3)PL2 (1.0 kg/m3)

Figure 7: Failure mode of the tension specimen.
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structure when combined with the shotcrete matrix. +is
structure played the role of secondary microreinforcement,
thus improving the mechanical properties of concrete.
Moreover, the multidirectional spatial distribution of
cotton stalk fiber in concrete was beneficial for forming a
stable mesh structure and enhancing the overall shotcrete
structure.

Adding ceramsite and pottery sand reduced the concrete
thermal conductivity to a certain extent, whereas it weak-
ened the concrete strength, which is determined by the

characteristics of the porous materials. When the correct
amount of cotton stalk fiber was added to the concrete, the
strength of the sprayed concrete was improved. +e strength
attained a maximum value when the content was 2 kg/m3,
and the PL-6 test piece with 3 kg/m3 of cotton stalk fiber was
selected for SEM. As shown in Figure 12, the cotton rod
fibers clustered, affecting the full bond of the concrete
matrix. +e agglomerated fibers also increased the concrete
internal defects, affected the concrete performance, and
decreased the concrete strength.
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Figure 10: Qualitative analysis of X-ray diffraction results of samples 1#, 2#, and 3#.
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5. Conclusion

+e following conclusions can be made based on the ex-
perimental results of the physical and mechanical properties
of thermal insulation shotcrete:

(1) As cotton stalk fiber content increased, the com-
pressive and tensile strengths of shotcrete first in-
creased and then decreased. When the content of
cotton stalk fiber was 2 kg/m3, the shotcrete com-
pressive and split tensile properties were excellent,
and the strength attained maximum values of 39.56
and 2.73MPa, respectively.

(2) Comparedwith the shotcrete without cotton stalk fiber,
the shotcrete thermal conductivity decreased gradually
with an increase in cotton stalk fiber content, implying
that the shotcrete thermal insulation performance
increased with an increase in cotton stalk fiber content.
When the content exceeded 2kg/m3, the shotcrete
thermal conductivity curve decreased smoothly. +us,
the experimental results of the compressive and tensile
strengths of shotcrete showed that the optimum cotton
stalk fiber content was 2 kg/m3.

(3) +e morphology of the interface transition zone
between thermal insulation shotcrete cement mortar
and cotton stalk fiber was analyzed. +e results
showed that when the cotton stalk fiber content was
0–2 kg/m3, the cotton stalk fiber was more tightly

wrapped by the hydrate, and the mechanical prop-
erties were gradually enhanced. When the cotton
stalk fiber content was 2-3 kg/m3, the cotton stalk
fiber had the agglomeration phenomenon, and the
shotcrete compressive strength decreased. +e hy-
dration reaction of cement mixed with cotton stalk
fiber was normal, and the reinforced reticulated
porous structure was formed with ceramsite in the
concrete matrix, which improved the concrete
strength and reduced the thermal conductivity.

(4) +e cotton stalk fiber heat-insulating shotcrete de-
veloped in this study is mainly intended for en-
hancing the thermal insulation performance of
tunnel and roadway lining structures. +erefore, the
developed materials can be widely applied.
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