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Long and deep tunnels are increasingly designed and built worldwide, often in severe geothermal environments characterized by
high temperature in the rocks. This issue cannot be ignored because high temperature definitely affects the strength of the
adhesion between the concrete and the surrounding rocks, whatever the lining cast in place, segmental or sprayed using shotcrete.
The causes of geothermal heat and the effect of the temperature on tunnel linings during and after their construction are recalled
and discussed in this paper. Both temperature and humidity are shown to be the most relevant factors affecting adhesion strength,
whose loss is related to the microdamage in the shotcrete layers closest to the rock. Possible ways to improve adhesion strength and
to minimize the high-temperature detrimental effect are also presented and discussed.

1. Introduction

With the development of global tunnel engineering and
water preservation and hydropower projects, the method of
shotcreting has been widely applied to deep tunnels and
diversion power tunnels as the main support method.
Concrete has the characteristics of high compressive
strength, high early strength, good durability, and wide
range of strength grades. Shotcrete can not only prevent
oxidative deterioration of surrounding rock but also
strengthen the support ability of the tunnel lining structure
and greatly improve tunnel stability [1, 2]. Concrete is the
most widely used and largest building material in civil
engineering. Its engineering experience shows that the
performance of concrete often plays a decisive role in en-
gineering construction.

However, in the process of deep tunnel construction, it
will often pass through high-temperature environment areas
with frequent geothermal activities. For example, the
maximum temperature of the diversion tunnel of Niangyong
Hydropower Station in China reaches 78°C, the maximum
temperature of the Tecolote Road Tunnel in the United
States of America reaches 47°C, the maximum temperature
of the Anfang Tunnel in Japan reaches 75°C, and so on.

Figure 1 shows the success of building a tunnel in highly
geothermal environments all around the world. As a matter
of fact, the direct contact of concrete with hot rock will cause
concrete desiccation on the concrete, causing significant
degrees of shrinkage, which will further lead to cracks in the
shotcrete-surrounded rock contact surface. The highly
geothermal environment will reduce the adhesion strength
of shotcrete-to-rock and increase the risk to tunnel opera-
tion and its use [3-5].

Lately, many experts and scholars have investigated the
mechanisms and the controlling factors of shotcrete-to-rock
coupling. Pottler [6] and others believe that the shotcrete-
rock coupling is dominated by the nonlinear material
properties of the shotcrete over time and the time-dependent
tunnel excavation process. Pottler et al. used the two-
dimensional finite element method to obtain an approxi-
mate solution that does not require a time step. Suits et al. [7]
extensively studied the shear properties of concrete or ce-
ment grouting with weakly weathered rock contact surfaces
under constant normal stiffness. The rock is an artificial
siltstone called John Stone, and the contact surface consists
of a series of regular triangular shapes and irregular shapes
based on analytical geometry theory. Bae et al. [8] obtained
the tensile strength, cohesion, friction angle, shear stiffness,
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FiGure 1: Geothermal values of tunnels in some countries around the world.

and normal stiffness of the joints of shotcrete-surrounded
rock at different ages through the indoor direct shear test.
Yilmaz [9] introduced a test method for testing the shear
strength of thin-layer shotcrete and rock contact surfaces
invented by the Rock Mechanics Laboratory of Kingsoft
University in South Africa. Son [10] used the bulk discrete
element program to analyse the sensitivity of shotcrete-rock
coupling to some factors, including contact surface
roughness, rock strength and Young’s modulus, tunnel
excavation disturbance or the size of the surrounding rock,
the mechanical properties of the contact surface, the
thickness of the shotcrete, etc. Liu [11] and others started
from the research of shotcrete raw materials. They simulated
the high-temperature and high-humidity environment in
which the shotcrete was actually placed. The test block was
cured and tested, and the material formula of the shotcrete
was finally determined. Wang et al. [12] conducted a series of
tests on the concrete lining construction technology of
plateau geothermal tunnels to test the performance indexes
of initial support shotcrete and secondary lining high per-
formance concrete in a high-temperature environment.
They proposed that the addition of high-temperature sta-
bilizer in concrete is an effective measure to resolve the
technical problems of concrete lining construction in highly
geothermal environments [13, 14].

2. Causes and Effects of Terrestrial Heat

The data show that humans have been using geothermal
energy for a long time; however, the terrestrial heat in the
tunnel during construction can cause high-temperature
damage to the project, which will have a major negative
impact on construction safety and project quality. The
terrestrial heat in the construction environment not only
worsens the working conditions of mechanical equipment
but also increases the number of failures; it also seriously

jeopardizes the health and safety of workers. Therefore, it is
necessary to analyse the causes of high ground temperature
in combination with actual engineering examples (Table 1)
and improve the understanding of the high ground tem-
perature environment, so as to better resolve the hazards
[15, 16, 19-22].

Through the abovementioned high-temperature disaster
cases, it can be found that if the high ground temperature
problem occurs in the tunnel project, the construction
environment, building materials, machinery and equipment,
and the operation of the tunnel after completion will be
inevitably affected (Figure 2). Globally, the adverse effects of
geothermal high temperature on tunnel construction can be
summarized as the following aspects [2, 17, 23-25]:

(1) The impact of high-temperature environment on
construction: in high-temperature environments,
the efficiency of the construction workers will be
greatly reduced. At the same time, it will lead to
deterioration of working conditions of mechanical
equipment, reduce efficiency, and increase failure.
The deterioration of the environment will not only
increase the construction difficulty but also delay
milestones, impact financially on over budget and
can even increase project scope.

(2) The impact of high-temperature environment on the
supporting structure: the high-temperature envi-
ronment will affect the adhesion of shotcrete-to-rock
of the tunnel; therefore, the concrete supporting
structure make it more likely fail, and the temper-
ature stress generated by the gradient distribution of
the temperature field affects the stability of the
concrete supporting structure.

(3) The impact of high-temperature environment on
materials: in the highly geothermal environments, it
is necessary to consider whether it is resistant to high
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TaBLE 1: Disaster cases of tunnel construction worldwide in highly geothermal environments.

Tunnel name

Project overview

Thermal damage

China-Nepal railway tunnel

The railway planning route runs through two
geothermal activity zones in the Yarluzangbu river
and the Yarluzangbu river valley. The hot springs
along the line are extremely frequent, with water
temperatures up to 88°C. A total of 45 tunnels are

planned across the line, with a total length of

approximately 272 km

Deteriorating the construction work environment,
reducing labor productivity and threatening the
health and safety of workers. The additional
temperature stress generated by the high ground
temperature will cause initial tunnel support and
secondary lining cracking, which will affect
structural safety and durability [15, 16]

Anfang Tunnel in Japan

During the construction of the tunnel, the tunnel
encounters severe hot water problems and high-
temperature area problems. The maximum
temperature of the hot water flowing out of the
tunnel can reach 73°C, and the temperature of
some rock mass exceeds 50°C. The volcanic gas
exists in the tunnel, which seriously affects the
tunnel working environment

Due to the terrestrial heat, the temperature of the
rock mass is very high, and the concrete hydration
heat is not easily released, resulting in excessive
temperature difference between the exterior and
the interior of the concrete, and there may be
cracks, which seriously affect the adhesion between
the concrete and the surrounding rock [15]

Tokaanu Tunnel in New Zealand

New Zealand’s Tokaanu hydropower station and
Tokaanu Tunnel were built in a high-temperature
site. Through years of borehole investigation, it was
found that there was a large amount of high-
temperature underground hot water (some
temperatures exceeding 100°C), and the front of the
tunnel face was affected by geothermal energy. The
tunnel temperature measured in the pilot hole of
the tunnel wall is too high

The high temperature seriously affects the safety of
the tunnel structure. Excessive rock temperature
will cause the concrete to deteriorate and crack; at
the same time, the high-temperature heat flow will
pose a threat to people’s lives and property [17, 18]

temperature when selecting materials. For example,
the blast hole is affected by the temperature of the

Increased construction difficulty

Unstable support

Equipment worn out >

;

Failure at the peak of the
irregular surface

Failure  Failure around

Figure 2: Causes and effects of terrestrial heat.

surrounding rock of the tunnel. In the high-

temperature environment, there is a phenomenon
where the dumb gun frequently explodes. This will
cause serious safety hazards to the construction of
the tunnel and will have an impact on the con-
struction progress of the tunnel project.

3. Effect of Temperature and Humidity on
Adhesion Strength of Shotcrete-to-Rock

Globally, there are few studies on the factors affecting the
adhesion strength of shotcrete-to-rock. In highly geothermal
environments, temperature and humidity become the most
important factors affecting the adhesion strength of
shotcrete-to-rock [1, 26-28]. In general, high-temperature



geothermal tests are divided into two types: one is the case
where the temperature is high and the humidity is large, and
the other is the case where the temperature is high and the
humidity is small. Relevant experts and scholars have ba-
sically conducted research on this part based on simulation
experiments. Currently, most of the relevant experimental
ideas are as follows: by simulating the actual high-
temperature geothermal environment, changing the tem-
perature and humidity conditions, and conducting field tests
under other conditions with constant interference factors
[18,29, 30]. The test mainly uses the splitting method and the
core drawing method to measure and analyse the adhesion
strength of shotcrete-to-rock. The analysis of the test data
shows that the temperature and humidity are the main
factors affecting the adhesion strength of the shotcrete-to-
rock [31, 32].

At present, in the study of the influence of temperature
and humidity on the adhesion strength of shotcrete-to-rock,
Tang [14] et al. used a novel indoor temperature and hu-
midity control system to evaluate the effect of temperature
and humidity on the adhesion strength of shotcrete-rock
coupling. As Figure 3 shows, it can be noted that based on
the data obtained under different working conditions, as the
temperature increases from 50°C to 90°C, the adhesion
strength of shotcrete-to-rock decreases under all working
conditions, and it can be noted that temperature had a
significant effect on the adhesion strength, but it was not the
only influencing factor [34-36]. As can be seen from the data
in Figure 4, when the humidity increases from 25 to 90%
under the same conditions, the adhesion strength of the
shotcrete-to-rock interface will be significantly improved,
and it can be found that, under the same humidity condi-
tions, when the temperature rises to a certain limit, the
longer the curing age, the lower the adhesion strength. When
the rock-surface temperature reaches the critical point, as
the age increases, the free water in the capillary pores of the
adhesion surface will gradually disappear, hindering the
hydration reaction to proceed, and the temperature stress
causes the crack at the adhesion surface to expand con-
tinuously so that the older the shotcrete, the lower the
adhesion strength [37, 38].

Similarly, Cui et al. [23] discussed the influence law and
mechanism of sprayed concrete and rock bonding perfor-
mance under dry heat conditions and pointed out that
compared with the standard curing condition of 20°C, the
adhesion strength between shotcrete and rock under the
condition of dry heat curing will be seriously reversed, and
even the sprayed concrete and the rock will debond and
crack. In the dry heat situation, water disperses quickly, the
cement hydration stops early, the hydration product is not
dense, strength of concrete is insufficient, and the drying
shrinkage of concrete occurs under dry heat situation, so the
adhesion strength between the sprayed concrete and the
rock decreases under dry heat situation, and the indication
in Figure 6 is the actual measurement result. Subsequently,
Cui et al. found in the experiment that when the temperature
rises to 35°C, the shotcrete-to-rock adhesion strength is the
highest because the concrete hydration reaction speed is
faster; however, when the temperature rises to about 70°C,
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the adhesion strength of the shotcrete-to-rock will be sig-
nificantly reduced due to thermal damage caused by high
temperature. In fact, in the same high-temperature and
-humidity environment, the grade of concrete will also affect
the adhesion strength of shotcrete-to-rock [39, 40]. It is
known from the test data that the adhesion strength ob-
tained when applying the C30 concrete test will be stickier
than that obtained by applying C25 concrete because the
cement content of C30 concrete is larger and the hydration
reaction speed is faster. However, it is noteworthy that Cui
etal. used a heated water tank and a heating box to simulate a
temperature and humidity environment but did not spray
concrete under a heated environment, which was different
from the actual tunnel spray concrete, which affected the test
results. To this end, Tang et al. [41] developed a temperature
and humidity control system to simulate the temperature
and humidity load under different working conditions of the
tunnel, heating the rock beam through the heating device to
achieve the required environmental conditions, and then
spraying the concrete so as to get closer to the actual sit-
uation (Figure 5). Tang et al. obtained the adhesion strength
of sprayed concrete and surrounding rock after 28 days of
age (Figure 6) and proposed that the temperature has a great
influence on the adhesion strength of shotcrete-to-rock.
Under high-humidity conditions, the adhesion strength
between sprayed concrete and surrounding rock decreases
with the increase of temperature load, and under low-
humidity conditions, the higher the temperature, the
faster the adhesion strength of shotcrete-to-rock decreases.
This is because rock and shotcrete are different materials
with a different modulus of elasticity; under the action of
thermal load, the thermal deformation of sprayed concrete
and surrounding rock is different, and with the increase of
temperature, the shrinkage deformation is more obvious, so
the adhesion strength of the shotcrete-to-rock is lower under
high-temperature environment [42-44].

Under the same temperature and different humidity
environment, the adhesion strength between sprayed con-
crete and surrounding rock is also different. With the in-
crease of temperature, the influence of humidity on bond
strength is more obvious. The adhesion strength values are
nearly doubled, and the overall adhesion strength of the
sprayed concrete is relatively high in high-humidity envi-
ronments. This is mainly due to the fact that high envi-
ronmental humidity tends to keep concrete moist and favors
secondary hydration in the concrete, it is beneficial to re-
plenish a certain amount of water inside the concrete, and
the secondary hydration reaction of the concrete generates
calcium silicate hydrate gel with cohesive force, which in-
creased the cohesion of the rock-concrete interface to some
extent. On the contrary, in an environment with a certain
temperature and low humidity, the moisture inside the
concrete will be lost due to the hydration reaction, and the
hydrated calcium silicate gel supplements the capillary water
on the concrete surface, which reduces the cohesive force of
the gel and weakens the cohesion of the rock-concrete in-
terface to some extent. On further research on shotcrete-to-
rock adhesion strength, Tong et al. [24] believed that, in
high-temperature tunnels, temperature and humidity will
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FIGURE 3: Indoor temperature and humidity control system [33].
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FiGure 4: Effect of temperature and humidity on adhesion strength
of shotcrete surrounded [33].

indirectly affect the speed and extent of concrete hydration,
making rock-concrete interface failure; at this time, the degree
of adhesion of the shotcrete-to-rock depends on the rough-
ness of the interface, the rock-concrete interface is ineffective,
and the degree of cohesion of the rock-concrete interface
depends on the roughness of the interface (Figure 7). In order
to better study the influence of temperature and humidity on
the shotcrete-to-rock adhesion strength, it is generally nec-
essary to clean the surface of the rock mass before the
experiment to reduce the influence of the interface roughness
[10, 36, 45].

4. Research Status of Microscopic Mechanism of
Adhesion Strength

Guo et al. [18] found in the study that the method of ste-
reology can transform the plane gradient into a three-
dimensional gradient. As shown in Figure 7, the VG Stu-
dio Max 2.0 software is used to visualize the porosity dis-
tribution of the CT scan image, where red indicates a high
interstice defect, and blue indicates a low interstice defect.
Tang et al. [14] pointed out that, in the case of the same
humidity, the temperature of the concrete is increased from
50°C to 90°C, the porosity of the concrete will increase, and
interstice defects will occur locally; on the contrary, the
density of concrete under the condition of 25% humidity is
significantly lower than the density of concrete under the
condition of 25% humidity, and the void defect is more
when the humidity is 25% (Table 2). The study believes that
high temperature can accelerate the hydration reaction
process of cement, leading to concrete shrinkage. In addi-
tion, under high-temperature conditions, cracks will occur
in the interstice defect, resulting in a decrease in the ad-
hesion strength of shotcrete-to-rock, especially at temper-
atures up to 75°C, the interstice defects will suddenly
increase, the shotcrete-to-rock adhesion strength will begin
to fail, and the difference in concrete porosity and humidity
will increase [46-48].

The research [41] used the scanning electron microscope
to scan the interface rock and the sprayed concrete, re-
spectively, and discussed the microscopic damage mecha-
nism of the wet-heat environment to the concrete-
surrounding rock bond strength (Figures 8 and 9). The
compactness of the microstructure of the concrete with the
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increase of temperature, but the denseness of the high-
humidity environment, is better than that of the low-
humidity environment [49]. This is because the cement
hydration is sufficient under high-humidity environment,
the stopping speed is slow, and the degree of polymerization
of the aluminum-oxygen tetrahedron and silicon-oxygen
tetrahedron structure on the fly ash surface is relatively
high and filled in the pores of the entire microaggregate. In
low-humidity environment, the concrete is in a relatively dry
environment, and the water inside the concrete is not dis-
sipated quickly, especially at 90°C; the shrinkage phenom-
enon is serious, and the higher the support temperature, the
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FIGURE 7: Test results of adhesion strength [12].

TaBLE 2: Shotcrete porosity at various temperatures and humidities
[33].

Working N- S N- S~ N- S N- S
condition 50 50 50 50 50 50 50 50
Porosity (%) 2.33 258 2.69 274 381 56 62 729
N: high-humidity curing; S: low-humidity curing.

faster the hydration reaction speed of the cement [36, 50].
The formation rate of hydration products exceeds its mi-
gration speed and finally accumulates on the surface of
cement granules, resulting in the loose porous surface and a
large number of cracks in the concrete; therefore, the higher
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FIGURE 8: Shotcrete internal porosity distribution based on CT images at 90% humidity [33].
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FIGURE 9: Shotcrete internal porosity distribution based on CT images at 25% humidity [33].

the temperature in low-humidity environment, the lower the
adhesion strength, and the greater the strength drop. Sim-
ilarly, some scholars [15] believe that the temperature of the
concrete can promote the shear strength of the structural
surface within a certain temperature range. Because the
temperature increases the degree of the hydration reaction,
making the concrete and granite structural surface bond
more closely. When the temperature is high, large pores
appear inside the concrete, its structure is loose and porous,
which seriously damages the bonding effect of the concrete,
the damage is manifested in the part just exceeding the
“bearing” range, and as the temperature continues to rise,
the extent of damage continues to change. It is proposed that
the microstructure change of concrete is consistent with its
macroscopic mechanical properties. As the temperature
increases, the concrete aggregate gradually becomes loose
from compaction, the crack increases gradually, and the
micromechanics properties also decrease [51, 52].

The influence of high temperature on the mechanical
properties of concrete is much greater than the mechanical
properties of granite; after experiencing high temperature,
the granite and concrete, with the increase of the heating
temperature, the peak stress, the elastic modulus decreases
and the peak strain increases. When the temperature is lower
than 400°C, the mechanical properties of the granite change
little and the concrete changes greatly [53, 54].

5. Present Situation of Methods for Improving
Concrete-Surrounding Rock Adhesion
Strength of High-Rock Temperature Tunnel

5.1. Comprehensive Cooling. With the rise of deep and long
tunnel construction, the problem of high ground temper-
ature has become increasingly prominent. In order to reduce
the influence of high temperature on the adhesion strength



of shotcrete-to-rock, comprehensive cooling measures are
generally adopted internationally, and the statistics are as
shown in Table 3 [55-58].

According to Table 3, the measures for comprehensive
cooling of high-temperature tunnels are as follows: (1)
ventilation cooling; (2) spray sprinkling cooling; (3) iso-
lation high-temperature surrounding rock; (4) hot water
prevention; (5) working surface artificial cooling and
cooling; (6) other cooling measures and monitoring.

According to existing examples concerning tunnel cool-
ing, the ventilation with cold air has two positive effects, as it is
advantageous not only for the lining but also for the working
conditions so that the total cost may even be reduced. It can
reduce the influence of high temperature on the adhesion
strength of shotcrete-to-rock and ensure the quality of
shotcrete. The comprehensive management of high-
temperature tunnels should fully consider the effectiveness
and feasibility of cooling and should take into account factors
such as engineering quantity and cost. Studies have shown
that, after high-temperature surrounding rock excavation
exposure, due to the influence of wind, the surrounding high-
temperature surrounding rock is cooled correspondingly, and
the temperature is continuously reduced. However, it is worth
noting that the cooling and ventilation calculation process in
addition to grasping the original temperature after excavation
of the surrounding rock is also necessary to grasp the rock
temperature at a certain distance from the face of the face after
excavation exposure. The cooling process after excavation of
surrounding rock is different due to different heat sources,
different geological conditions, and different construction
methods. Therefore, the influence of these factors should be
fully considered in the tunnel design process to provide
sufficient guarantee for cooling design, as shown in Figure 10
[55, 59].

5.2. Adding Admixture to Concrete. The inclusion of mineral
admixture in the concrete can improve the performance of the
concrete through the pozzolanic activity of the mineral ad-
mixture. The main advantages are reducing the heat of hy-
dration and improving the resistance of the concrete to
temperature cracking, improving the ultimate strength and
impermeability of concrete due to the refinement of pores and
the improvement of the interfacial transition zone, and im-
proving the durability of concrete alkali-aggregate reaction
expansion and sulfuric acid corrosion resistance [4, 60-64].

In order to improve the bonding strength of surrounding
rock-concrete in high-temperature and high-humidity en-
vironment, Cui et al. [65] selected 70°C high-temperature
and -humid environment (under the most unfavorable
conditions) as the research object and replaced some cement
with mineral admixture. Fly ash, slag powder, steel fiber, and
polypropylene fiber are added to the raw materials (the raw
materials are as shown in Table 4). The proportions of the
mixed components added with the mineral admixture are
shown in Table 5.

By measuring the bond strength of the mixture added to
the admixture, Cui et al. found that the addition of the fiber
material had little effect on the adhesion strength, but the

Advances in Materials Science and Engineering

addition of the mineral admixture significantly improved the
adhesion strength of the shotcrete-to-rock. Through further
observation of the microstructure of concrete, it was observed
that when adding fly ash, the hydration structure density of
concrete will be high, which greatly enhances the bond
strength of surrounding rock-concrete in high-temperature
and -humid environment [65]. Some studies have shown that
fly ash can replace up to 60% of cement in structural concrete,
and it has a good effect on the performance of fresh concrete
or hardened concrete. Incorporating fly ash facilitates the
dispersion of cement particles, enhances cement hydration,
makes cement paste more homogeneous, reduces complex
bleeding, and improves aggregate-cement paste adhesion. The
fly ash particles react with Ca(OH), to form a hydrated
calcium silicate colloid, which is beneficial to the improve-
ment of concrete strength [47, 66, 67].

Related studies have shown that slag is hydraulic and is a
potentially gelatinous material. When slag is combined with
fly ash, the strength of the concrete can be significantly
improved due to their “synergy” in hydration, activity, and
structural characteristics. However, under the special natural
environment conditions of the high rock temperature
tunnel, the influence of slag and fly ash on concrete strength
has been rarely studied. He et al. [29] simulated high-
temperature tunnel conditions in the laboratory to ex-
plore the effect of high rock temperature on the strength of
fly ash concrete and slag-fly ash concrete. Table 6 shows the
compressive strength of two admixture concretes under
different curing conditions. The study found that, under
standard curing conditions, the strength of slag-fly ash
composite concrete is higher than that of single-filled fly ash
concrete at all ages. Under the condition of relative humidity
of 50%, when the curing temperature is 50°C, the strength of
slag-fly ash composite concrete is higher than the strength of
single fly ash concrete at all ages, and when the curing
temperature exceeds 60°C, the strength of the slag-fly ash
composite concrete is lower than that of the single fly ash
concrete. Subsequently, He et al. analysed the 3D XRD
images of hydration of different mineral admixtures at
different temperatures (Figures 11-13): As the temperature
increases, the slag-fly ash sample generates more and more
Ca(OH), than the fly ash sample. Under high-rock tem-
perature tunnel conditions, when the temperature is lower
than 50°C, the slag-fly ash composite can increase the
concrete strength more than the single fly ash, and when the
temperature is higher than 60°C, the single fly ash is more
effective than the slag-fly ash composite to increase the
strength of the concrete. Under the condition of high-rock
temperature tunnel, the strength of concrete later is obvi-
ously reduced. This is not caused by the type and content of
the hydration product of the cementitious material, but due
to the early and intense accelerated reaction, the hydration
products are not evenly spread, and the overlapping of each
other is deteriorated, making the structure loose, which is
not conducive to the later strength increase [33, 68, 69].

5.3. Other Methods. The mineral [70] composition of the
rock is not the only parameter controlling concrete-rock
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TaBLE 3: Tunnel comprehensive cooling method statistics.

Tunnel name Project overview Comprehensive measures

(1) Chemical liquid grouting for 2 m outside
the upper half section of the tunnel
(2) Discharge the geothermal water with a
water pump

Anfang Tunnel (Japan) The water inrush temperature reaches 73°C

The maximum temperature of the excavation
surface reaches 67°C
The maximum temperature in the drilling (2) Set up drilling equipment with its own
hole is 82°C circulating water
(3) Reasonably arrange the high-temperature
operation

(1) Spray watering

A water diversion tunnel in Xinjiang (China)

The ambient temperature after blasting is (1) The spray cooling system is used to cool
Niangyong hydropower station diversion 48°C the environment inside the cave
tunnel (China) (2) Cooling circulation system is used to cool

The temperature of the rock surface is 52°C the blast hole of the excavation face

(1) Spray watering
(2) Insulate high-temperature surrounding
rock and add 0.03% high efficiency air-
entraining agent to spray concrete
(3) For the digging puddles in the high-water
temperature section, the water pump is used
to discharge the hot water
(4) Transporting ice cubes to the excavation
surface

Luquan lead factory diversion tunnel The temperature of the local surrounding
(China) rock is 76°C

<

« 5N i <

Use ice cubes to cool the tunnel
face and the inside of the tunnel

Cool down the tunnel with
a spray cooling system

Add cooling fans to Add tunnel cooling device

cool the tunnel

F1GURE 10: Integrated cooling method inside the tunnel.

TaBLE 4: Raw materials of wet-sprayed shotcrete [47].

Material Cement Sand Gravel Water reducer Accelerated agent
Machine-made sa.nd, medium sand 5_1.5 i TK-SP polycarboxylic acid ~ Alkali-free liquid BASF
Type P.042.5R with continuous tvpe .
12% stone powder content grading P typ

adhesion because surface texture plays a critical role as well et al. [73] selected several groups of products with the same
(Figure 14 [72]). interface rough sawtooth width “I” and a different sawtooth

In order to study the influence of the interface roughness ~ depth “h” as the research object. Studies have shown that the
between rock mass and concrete on the cohesive force, Luo ~ sawtooth depth “/” has a greater impact on the interfacial
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TaBLE 5: Designed mix proportions for the bond strength improvement test [47].

Designed mix proportions

Description

BP

25% SP
25% FA
SF
PF

DF

Basic mix proportion (no mineral admixture or the
fiber material): cement: 400 kg/m3; sand: 814 kg/mS;
gravel: 666 kg/m3; water: 200 kg/m3; accelerator:
20 kg/m’

25% of cement replaced by slag powder
25% of cement replaced by fly ash
1% (volume ratio) of steel fiber mixed
0.9kg/m> of polypropylene fiber mixed
Double mix of 1% (volume ratio) of steel fibers and
0.9kg/m” of polypropylene fiber

TaBLE 6: Compressive strength of two admixture concrete under different curing conditions [22, 68].

20°C+95% RH 50°C+50% RH

60°C+50% RH 80°C+50% RH

Age Adding fly Adding slag+fly Adding fly Adding slag+fly Adding fly Adding slag+fly Adding fly Adding slag+fly
ash ash ash ash ash ash ash ash

3d 26.2 27.0 31.3 34.5 33.8 32.9 38.0 31.4

7d 39.4 431 35.7 39.6 36.2 35.8 39.6 34.7

28d 47.3 52.5 44.1 48.0 423 38.1 41.5 37.7

60d 50.6 55.2 48.2 52.2 47.0 43.5 43.1 39.1

Slag and fly ash

Adding fly ash

0 20 40 60 80 100
209
Figure 11: XRD pattern of 3D hydration of different mineral
admixtures at 20°C [68].

cohesion, and the rough rock surface affects the mechanical
behaviour of the concrete (Figure 15). However, there is no
quantitative discussion of the effect of roughness on the
interface bearing capacity [71, 74, 75]. Roughness, as an
indicator of rock mechanics, plays an important role in
studying the mechanical properties of rock contact surface,
and it mainly controls the degree of undulation of the
contact surface, which in turn affects the shear bite force and
frictional resistance [76-81]. Subsequently, the position of
the shear plane will also change, ultimately affecting the
change in the failure mode. Therefore, in order to improve
the adhesion strength of the shotcrete-to-rock, the rough-
ness of the surface of the rock mass should be appropriately

Slag and fly ash

Adding fly ash

0 20 40 60 80 100
260 ()
FIGURE 12: XRD pattern of 3D hydration of different mineral
admixtures at 50°C [68].

increased to improve the bite strength. Bai et al. [82] selected
styrene and polyurethane insulation materials to analyse the
heat insulation effect and the corresponding consumption of
cold energy. The relevant parameters of the calculation are as
follows (Table 7).

Through calculation and comparison of the results, it can
be seen that the amount of refrigerant required for not
providing the heat insulation layer is larger than that of the
setting, and the amount of refrigerant required for styrene as
the heat insulation layer is larger than that of the poly-
urethane [83-89]. In addition, the phase transition point of
liquid nitrogen is lower than that of ice, and the cooling
effect as a refrigerant is better than that of ice, but the
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Slag and fly ash

Adding fly ash

CH CH
Aft
CH
CH
Aft
I T I T I
0 20 40

60 80 100

209

FiGure 13: XRD pattern of 3D hydration of different mineral admixtures at 80°C [68].

Gabbro, fine to middle grained
Granite, fine to middle grained
Granite, middle grained
Granite, coarse porphyroblastic
Sandstone, porous

Sandstone, crystalline

Marble, middle grained

Reef lime stone, fine grained
Lime stone-marlestone

Gneiss, parallel cut

Gneiss, perpendicular cut
Mica-schist, middle grained

Clay shale, very fine grained

0.0

s B A
1.56

1.71

1.04

:’tl 1.12
0.34

1.10
1.10

] 1.80
11.80

1.52

— T
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1 1.84
—— T149

1 1.80
1153
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0.28
0.24
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f, (MPa)

O Rough surface
O Smooth surface

FiGure 14: Effect of rock surface roughness on rock-concrete adhesion strength [71].

production cost of liquid nitrogen is higher than that of ice
(Tables 8 and 9) [90-103].

6. Conclusion

(1) Tunnelling in severe geothermal conditions is be-
coming a worldwide problem, and the engineering
community is starting to pay more attention to the
effect of geothermal heat on tunnels, during both the
construction and the service life. While the geo-
thermal heat can be in some way controlled in the
short term, the long-term effects on tunnel resistance
and durability are still open to investigation.

(2) According to relevant experiments, the factors af-
fecting the adhesion strength of surrounding rock-
concrete mainly include temperature and humidity,
roughness, and maintenance degree of contact
surface and mineral composition of rock. In fact, the
failure of the cohesive force at the surrounding rock-
concrete interface is a comprehensive process, and
the comprehensive evaluation system should be
established by considering the influential proportion
of each factor.

(3) Regarding the local mechanisms adhesion, it is well
known that the thermal deformations of the concrete
lining and of the surrounding rock are different.
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&
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-~
1
Shotcrete
(cement mortar)
FicUure 15: Microcontact interface between rock mass and concrete [74].
TABLE 7: Material parameters [78].
Material Density (kg/m3) Thermal conductivity (W/(m-K))

Surrounding rock (granite) 2800 3.49
Lining (concrete) 2300 1.51
Styrene 25 0.0356
Polyurethane 32 0.0222
Air 1.293 0.03
TaBLE 8: Refrigerant thermal physical coeflicient [78].
Refrigerant Density (kg/m3) Thermal conductivity (W/m-°C)  Specific heat capacity (J/(kg-°C))  Phase change point (°C)
Ice 917 2.4000 2060 -4.0
Liquid nitrogen 820 0.0933 2016 —-195.8

TaBLE 9: Comparison of refrigerant consumption kg/(m-h) [78].

Refrigerant Geothermal (°C)  No heat insulation 10 cm styrene 10 cm polyurethane  5cm styrene  5cm polyurethane
Ice 100 34.84 19.80 15.52 25.34 21.38
Ice 60 15.36 8.71 6.97 11.09 9.50
Liquid nitrogen 100 5.09 2.89 2.27 3.70 3.12
Liquid nitrogen 60 2.24 1.27 1.02 1.62 1.39

Concrete undergoes large thermal deformations at
high temperature, as cement hydration is enhanced,
followed by cracking inside the concrete mass and
loss of adhesion between the lining and the rock.
Some scholars think that 75°C is a sort of critical
temperature, above which adhesion is lost.

(4) The inclusion of mineral admixture in the concrete

can improve the performance of the concrete
through the pozzolanic activity of the mineral

admixture. A large number of experiments have been
carried out to study the application of fly ash and
mineral powder in shotcrete. When the dosage is
within the proper range, it will help to improve the
strength of concrete. At the same time, the in-
corporation of different admixtures can also improve
the mechanical properties of concrete.

(5) In this paper, the existing methods for improving the
adhesion are compared by studying the influencing
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factors of shotcrete-to-rock adhesion and micro-
scopic damage mechanism. The comprehensive
cooling measures can directly perform air cooling in
the tunnel, but the actual operability is not strong.
The key to high-ground temperature construction is
that the ventilation is cold enough and the air volume
is large enough, which will require a large cost.
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