

  applsci-11-09043




applsci-11-09043







Appl. Sci. 2021, 11(19), 9043; doi:10.3390/app11199043




Review



Mechanical Properties and Microstructure of Shotcrete under High Temperature



Guoming Liu 1,2, Jipeng Zhao 3,*, Zhixue Zhang 4, Chenglong Wang 1,* and Qianqian Xu 1,*





1



College of Safety and Environmental Engineering, Shandong University of Science and Technology, Qingdao 266590, China






2



State Key Laboratory of Mining Disaster Prevention and Control Co-Founded by Shandong Province and Ministry of Science and Technology, Shandong University of Science and Technology, Qingdao 266590, China






3



College of Energy and Mining Engineering, Shandong University of Science and Technology, Qingdao 266590, China






4



Ventilation and Dust Prevention Department of Feicheng Mining Group Co., Ltd., Tai’an 271600, China









*



Correspondence: jipengzhao0429@163.com (J.Z.); wclcm@sdust.edu.cn (C.W.); 13864240150@163.com (Q.X.)







Academic Editors: Carlos Thomas and Doo-Yeol Yoo



Received: 30 June 2021 / Accepted: 14 September 2021 / Published: 28 September 2021



Abstract

:

High temperature is recognized as one of the extreme environments in the application of shotcrete which significantly deteriorate the performance of shotcrete. This paper reviews the mechanical properties and microstructure of shotcrete under high temperature. First of all, this paper reviews the cause of formation of high ground temperature. Based on these causes, the author establishes a heat transfer model with a spiral shape by introducing a multidimensional morphological formula into the heat conduction process. Then, the paper reviews the influence of high temperature on the mechanical and micro properties of shotcrete, the cooling technology under high temperature, and the optimization research technology of shotcrete. The author discusses the influence of high temperature on the thermal parameters and the deformation of shotcrete from the perspective of thermodynamics. Multiple studies have shown that the irregular movement and disorderly overlapping of molecules in the shotcrete caused by the high temperature environment result in the premature termination of the hydration reaction of cement in shotcrete. Finally, the author suggests the challenges of high-temperature shotcrete in term of the process structure, performance optimization, and application in special engineering fields. The research in this paper intends to give guidance to those conducting shotcrete research under high temperature, and to promote the further development of shotcrete technology.
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1. Introduction


With the swift global development of tunnels, mines, subways, water conservancy and hydropower projects, and so on, shotcrete, as an advanced support method, is widely applied to surrounding rock control and roadway closure. Shotcrete is a kind of concrete formed by mixing concrete materials, such as gel material, aggregate, and so on, into the ejection equipment, by means of compressed air or other power transmission, and sprayed onto the spray surface at high speed [1]. Shotcrete technology was first used in mining and civil engineering by the United States in 1914. It has a history of more than 100 years. This method is used in underground and tunnel support, infrastructure repair and rehabilitation, slope stabilization, and in areas difficult to reach with conventional concrete, such as bridge piers and beam soffits [2]. Shotcrete has the characteristics of high compressive strength, good durability, and wide range of strength grades [3,4,5]. As a supporting material of roadway, shotcrete can not only prevent the oxidation of surrounding rock, but also plays a supporting role for the roadway. With the development of deep mines and deep tunnels, shotcrete is facing great challenges. Especially deep underground, high temperature accelerates the deterioration of shotcrete [6,7,8,9]. According to relevant reports, the rock wall temperature of Sangzhuling Tunnel in the Yarlung Zangbo River Canyon in China reached 89 °C, and it was identified as a class I risk tunnel. The high temperature of 75 °C and the extreme temperature of 170 °C were encountered in the construction of Anfang tunnel and the third hydropower station of Heibu in Japan. The highest original rock temperature is 46.8 °C, at −980 m level in Sanhejian coal mine. The underground rock temperature of the Mbonig gold mine in South Africa reaches 65.6 °C.



Many scholars have shown that there is a certain relationship between temperature and depth, and the rock temperature gradient is about 3–4 °C/100 m [10,11,12]. However, in a deep environment, due to the different rock properties and the possible existence of large fault zones, the change of temperature with temperature gradient is not obvious. Figure 1 shows the distribution of temperature with depth in deep tunnels and deep mines in some projects. From the figure, it could be concluded that the variation between temperature and depth in underground projects was a nonlinear relationship, that is, the ground temperature in deep environments shows an abnormal pattern [13,14].



In Figure 1: a—Albert tunnel in Austria; b—Anfang highway tunnel in Japan; c—Sanhejian coal mine in China; d—Sangzhuling tunnel in China; e—Qinling tunnel of Xikang railway in China; f—Franco-Yibulangfeng highway tunnel; g—Kolar gold mine in India; h—Mponig gold mine in South Africa.



When shotcrete as support structure contacts with high-temperature rock wall, the performance of shotcrete may change. High temperature leads to the deterioration of shotcrete structure and the weakening of roadway stability. In recent years, many scholars have studied the mechanical properties and micro-morphology of shotcrete under high temperature. For example, Lee and Yang et al. [15,16] studied the variation of shear properties of shotcrete with granite cementation surface roughness and temperature. The results showed that there were critical values for the effects of granite cementation surface roughness and temperature on shear strength. Moreover, the temperature was the most important factor affecting the shear performance of shotcrete. Wang et al. [17,18] studied the impermeability of shotcrete under standard working conditions and variable temperature conditions. The results showed that the temperature destroys the dense structure inside the shotcrete, resulting in an increase in the impermeability of the shotcrete. Wang and Cui et al. [19] studied the effect of temperature on the bond strength between shotcrete and rock surface, and found that the bond strength first increased and then decreased with the increase of temperature. Dong et al. [20] studied the fracture process of the interface between shotcrete and rock, and found that under high temperature, the structure of shotcrete fracture surface was loose and powder particles increased. Yang et al. [21] studied the internal damage mechanism of shotcrete under high temperature based on CT technology and X-ray, and the results showed that the internal pores of shotcrete present the trend of small holes gradually developing into large pores with the increase of temperature. Lu et al. [22,23] studied the residual properties of shotcrete after high temperature, and found that the main factors affecting the residual strength were curing conditions and cooling methods. Kjellsen et al. [24] studied the consolidation process of concrete in a thermal environment, and found that the compaction degree of the concrete decreased, and internal cracks occurred during the solidification process. Then, the microstructure of concrete was scanned by scanning electron microscopy (SEM), and it was found that the cracks developed along the interior of the aggregate. Akca et al. [25] studied the structural performance of high-performance shotcrete under high temperature, and concluded that the overall strength of shotcrete showed an upward trend under high temperature.



Although there are many studies on the performance changes of shotcrete under high temperature, there are few systematic reviews on the mechanical and micro properties of shotcrete. Therefore, this article systematically describes the development of mechanical properties and microstructure of shotcrete under high temperature. The research in this paper is intended to give guidance to those conducting shotcrete research under high temperature, and to promote the further development of shotcrete technology.




2. Causes of High Ground Temperature and Its Influence on Shotcrete Structure


In deep mines and deep tunnels, the phenomenon of high ground temperature is the biggest problem in the process of excavation and support. It will not only worsen the construction environment and reduce the labor production efficiency, but also change the shotcrete structure and affect the stability of the tunnel, thus threatening the safety of construction personnel. This chapter will discuss the cause of high ground temperature and the influence of high temperature on shotcrete structure.



2.1. Causes of Formation of High Ground Temperature


The earth’s temperature is produced by the decay of radioactive elements in the earth’s interior, and heat is accumulated in the earth’s crust [26,27]. Then, heat is transmitted through rocks to the earth’s surface. Because of the strong gravitational field inside the earth, there is a lot of energy in the inner core of the earth, and the temperature of the core is about 6000 °C. However, most of the energy gradually disappears in the process of transmission. Because of the low thermal conductivity and poor heat transfer performance of rocks, heat energy builds easily in the rock mass, which makes the high temperature phenomenon appear in deep tunnels or mines; the remaining small part of energy will continue to transmit to the earth’s surface [28,29,30]. Therefore, the main heat source for the formation of the earth’s surface geothermal field is from the earth’s interior. Although the transmission of energy is very small, the geothermal field formed in this process is still very harmful to human infrastructure work. In addition, the undulation and structural form of the base also have a certain influence on the formation temperature. When the tunnels and mines are deep in large fault zones, the temperature difference may reach 2–4 °C/100 m [31]. This is a further challenge to the original high-temperature environment.



The heat of the earth’s surface layer is from the earth’s interior, and is transmitted to the shallow part of the earth’s surface through heat conduction [32]. This mode of transmission is one-dimensional propagation. The temperature change can be expressed by one-dimensional conduction Equation (1):


     d 2  θ   d  z 2    = 0  



(1)







In Equation (1): θ—temperature; Z—depth



However, in a deep environment, due to the complex geological environment, most of the strata are in a non-horizontal state. The transmission mode of temperature is diverse and controlled by many factors. At this time, the heat conduction occurs in a two dimensional or three dimensional shape. The one-dimensional conduction formula in the above Equation (1) cannot reflect the temperature propagation law at this time. Therefore, the following Equation (2) is introduced [33]:


   ∂  ∂ x    (    ∂ θ   ∂ x    )  +  ∂  ∂ z    (  λ   ∂ θ   ∂ z    )  + A = 0  



(2)







In Equation (2): λ—thermal conductivity of rock; A—heat production of radioactive elements in rock.



The above Equation (2) shows that depth, rock thermal conductivity, and radioactive element heat production are the main factors affecting the temperature in deep environments. This is because the greater the depth, the greater the gravitational potential energy and the more heat generated. In a deep environment, the closer to the crust, the greater the influence of radioactive element decay heat production. However, rock is an anisotropic heterogeneous material, and its thermal conductivity is variable and generally decreases with the increase of temperature. Therefore, in a deep environment, due to the low thermal conductivity of rock, it shows strong heat storage capacity, resulting in a high-temperature environment.



Heat can be imagined as a fluid, and the fluid can be divided into steady-state type and non-stationary type in the process of transmission [34]. The heat transfer process is an unsteady state. Figure 2 shows the physical structure model of heat transfer. Luo et al. [35,36] analyzed the heat transfer phenomenon in the flow process, and results showed that heat flow is a process of energy exchange. Therefore, the author divides the heat transfer process into three types: linear, curved, and spiral. Due to the thermal conductivity of rock, the heat transferred from the deep to the ground is mainly linear [37,38]. In the process of tunnel construction, the heat is mainly curved and spiral; the heat flow transferred by curve will continue to diffuse around; the heat transferred in this form is not stored much in the rock. The heat transferred by spiral type will not disappear, but will accumulate continuously in the process of transmission, which will enhance the heat storage capacity of rock. At the same time, the spiral transmission is also the dominant part of deep high temperatures.




2.2. Influence of High Temperature on Shotcrete Structure


In a deep construction environment, the heat flow transmission path in the stratum is cut off indirectly because of the tunnel excavation. As a result, the heat storage capacity of the roadway is strengthened. Combined with the impact pressure in the formation, it can easily cause structural instability and structural deformation of the roadway. On the one hand, the shotcrete layer may fall off seriously; on the other hand, it will affect the selection of construction materials and the durability of shotcrete [39,40]. Furthermore, the additional temperature stress can also cause the shotcrete lining to crack, which will have a great impact on the initial support of the roadway. For example, Zhu et al. [41] introduced a thermal crack mechanism and considered that shotcrete was a heterogeneous mixed material, and the thermodynamic properties of shotcrete aggregate and cement paste were not matched under the influence of temperature. As a result, radial and circumferential cracking will occur inside the shotcrete. The internal cracking of aggregate and cement paste will occur, resulting in the spalling of shotcrete surface, as shown in Figure 3.



In order to further study the mechanism of cracks in roadway concrete under high temperature, we summarize the early cracking phenomenon of shotcrete. The lining shotcrete under a high-temperature heat-damaged roadway can easily deteriorate in the process of pouring and curing. One reason is that the high temperature makes the water in the fresh concrete evaporate rapidly, forming large voids or cracks; another reason is that when shotcrete adheres to high-temperature surrounding rock, it has high-temperature stress. In addition, high temperature changes the hydration products and progress of cement. These reasons are worthy of in-depth study. For example, Li et al. [42] studied the influence of temperature, water/cement ratio, and fly ash content on the early crack resistance of high-performance shotcrete, and results indicated that temperature was the primary factor affecting the early crack-resistance performance. Huang et al. [43] studied the performance of early-age concrete under fire and found that the residual compressive strength of concrete showed a downward trend with temperature. It was also found that the internal damage to concrete specimens was serious: the hydration products C-S-H gel and Ca (OH)2 crystals were basically decomposed, leading to an imbalance of concrete structure stability. Qin et al. [44] studied high-strength shotcrete at 80 °C. They found that the early performance of shotcrete was significantly improved, and the frost resistance and chloride ion penetration resistance of shotcrete were improved. Some scholars have carried out X-ray diffraction (XRD) tests on shotcrete at different temperatures. The XRD spectra of shotcrete at 30 °C and 60 °C is shown in Figure 4; results show that the content of CH crystal at 60 °C is higher than at 30 °C. This shows that the hydration degree of shotcrete cement is better at 60 °C, and more C-S-H gel is generated. Therefore, obtaining a certain temperature is conducive to the early strength development of shotcrete.



Hiremath et al. [46] studied the development of early strength of shotcrete under the conditions of hot water bath and hot air curing; they found that the early strength of shotcrete showed an upward trend with the increase of temperature and that hot water bath curing was conducive to the development of early strength of shotcrete. Wonsuk et al. [47] studied slag shotcrete and found that under high-temperature conditions, the output of CO2 in cement decreased and the early strength of shotcrete was significantly improved. The linear expansion value of slag shotcrete is very low and the pozzolanic activity is high, which is conducive to the development of shotcrete strength at the later stage [48]. As shown in Figure 5, D’Aloia et al. [49] carried out a numerical simulation on the cracking performance of tunnel lining shotcrete. The results showed that early creep has a good effect (Figure 5a). When the creep is ignored, the thermal damage occurs in a large range of shotcrete lining structure (Figure 5b). By comparing the simulation results of thermal shrinkage and autogenous shrinkage (Figure 5c), it can be concluded that thermal shrinkage is the main cause of early transverse cracks. Therefore, in a high-temperature environment, the shrinkage phenomenon occurs in the roadway wall concrete under the influence of temperature, resulting in cracks in the shotcrete.





3. Mechanical Properties and Microstructure of Shotcrete under High Temperature


Shotcrete technology is the preferred technology for roadway support at present. Under high temperature, however, the mechanical properties of shotcrete will be changed. This section discusses the performance of shotcrete under different factors under high temperature.



3.1. Variation Law of Compressive and Flexural Strength of Shotcrete


With the increasing number of high-temperature construction sites, some scholars have studied the influence of formation temperature on shotcrete, firstly through the change of compressive and flexural strength. As shown in Figure 6, Liu et al. [50] found that the compressive strength and splitting tensile strength of shotcrete increased with the increase of curing age through standard curing in a 40–100 °C dry and hot environment. Under a dry and hot environment of 60–100 °C, it shows an increasing trend before curing for 7 d, and has an obvious downward trend after 7 d. After curing for 28 d, the compressive strength under high temperature is lower than that under standard curing. At 7 d and 28 d, the splitting tensile strength of concrete decreases with the increase of curing temperature. Similarly, Zhu et al. [51] found that the initial setting time and final setting time of high-strength shotcrete shortened with the increase of curing temperature, and analyzed the compressive strength of high-strength shotcrete with the curing ages of 3 d and 28 d. The results showed that the overall compressive strength presents an increasing trend, but when the temperature is too high, the compressive strength of shotcrete has an obvious shrinkage phenomenon.



The above research only expounds the deterioration law of shotcrete as a macro phenomenon, but does not explain the causes of deterioration from the micro level.



In order to deeply study the influence of high temperature on the deterioration of shotcrete, scholars analyzed the deterioration mechanism of shotcrete from the perspectives of carbonation depth and early hydration products of cement.



In view of the critical size effect of concrete under high temperature, scholars have proposed using acoustic emission technology to evaluate the internal structural defects and damage of concrete [52,53,54]. Relevant conclusions show that there is a negative correlation between temperature and acoustic emission signal. Before the compressive strength of concrete has reached the critical point, the acoustic emission number and energy of concrete showed an increasing trend, until the concrete members were completely destroyed [55].



Li et al. [56] studied the carbonation degree of shotcrete under high temperature, and noted that the compressive strength of shotcrete decreased with the increase of temperature. Results showed that the carbonation depth of shotcrete at a high temperature of 50 °C was more than 4 times higher than that at a normal temperature, which easily reduced the alkalinity and damaged the sealing structure of the shotcrete. Xie et al. [57] found serious cracks on the surface of 100 °C high-temperature shotcrete, and preliminarily explained the phenomenon of shrinkage of shotcrete compressive strength. The early hydration products formed too fast, resulting in disordered accumulation of products, which made the distribution uniformity of the shotcrete’s internal structure worse. The later high temperature caused the hydration products to move strongly, and most of the hydration products deposited near the larger aggregate. Figure 7a shows the X-ray diffraction (XRD) patterns of shotcrete cured at 80 °C for 3 h, 4 h, 5 h, and standard curing. The AFt diffraction peak decreases and the C-S-H and C3S diffraction peaks increase with the curing time at high temperature. This showed that short-term high-temperature curing could strengthen the compactness of shotcrete. Meanwhile, Wang et al. [58] also detected C-S-H phase at 0–60 °C, showing an increasing trend. In addition, many scholars have explained that the increase of shotcrete compactness was due to the gradual loss of shotcrete crystal water in the gradually increasing temperature gradient, and a large amount of ettringite (Aft) would be transformed into monosulfide calcium sulphoaluminate (Afm) [53,59].



Calvo et al. [60] carried out microscopic analysis of shotcrete at 90 °C temperature, and found that the rate of C/S in C-S-H gel increased slightly after thermal curing, while the ratio of (A + F)/C and Sulphates/C decreased, indicating that the properties of C-S-H gel changed under high temperature (mainly sulfate content), as shown in Table 1.



A group of scholars have studied the performance of shotcrete under ultra-high temperatures (the temperatures were higher than 150 °C), and found that the compressive strength and flexural strength of shotcrete continue to decline with the increase of temperature, and that the damage to shotcrete’s internal structure caused by ultra-high temperatures is very serious [61,62,63]. Under ultra-high temperatures, calcium hydroxide and wollastonite in shotcrete decompose to generate a large amount of calcium oxide, which leads to the instability of the shotcrete’s internal structure. Wang et al. [64] studied the influence of temperature and humidity on shotcrete, and found that low-temperature and high-humidity curing conditions were conducive to the development of shotcrete strength at later stages.



The above research lacks studies on the micro void structure of shotcrete. As we all know, the change of micro void structure affects the mechanical properties of shotcrete. With the development of new detection technology, scholars use SEM, CT, and the mercury intrusion method (MIP) to measure the change of voids in shotcrete, so as to further explain the influence mechanism of high temperature on concrete deterioration.



Furthermore, scholars have studied the microstructure of shotcrete under high temperature. Figure 8 show SEM images of ceramsite shotcrete at different temperatures. At 20 °C, the shotcrete presents a particle aggregation state, and the structure is stable. At 40 °C, the shotcrete structure is gradually destroyed, and the particles are granular in structure. At a temperature of 60 °C, the concrete particles are small, there are a lot of micro pores, the structure is loose, and the degree of hydration is low, which leads to a decrease in shotcrete strength. The reason is that ceramsite is a microporous medium, and with the increase of temperature, it accelerates the water evaporation of shotcrete, so the hydration structure of the shotcrete is relatively dispersed.



Chen and Wei et al. [66,67] found that there was a correlation between the fractal dimension of pore volume and the strength by establishing the fractal model; that is, the more pores there are and the larger they are, the lower the strength of the shotcrete. Some studies have also shown that the permeability of shotcrete could be improved by increasing the integral dimensions of the pores [68]. İlhami et al. [69] studied the performance of shotcrete under high temperature, and concluded that there was an obvious correlation between ultrasonic pulse velocity and compressive strength, that is, the use of ultrasonic pulse velocity method was a feasible method to estimate the high-temperature compressive strength of shotcrete cover. Yang et al. [70] explained that in a hot and humid environment, the expansion stress in AFt caused by too high of a temperature led to structural damage and weakening of the mechanical properties of shotcrete. Shen et al. [71] used the mercury intrusion method (MIP) to study the change of shotcrete porosity at different temperatures, and concluded that the porosity of shotcrete had a strong correlation with the compressive strength; that is, the higher the porosity of shotcrete, the lower the compressive strength. This was expressed by Schiller [72]:


  σ = Dln  (     σ 0   P   )   



(3)




where σ is the compressive strength of concrete, P is the porosity,    σ 0    is the ideal compressive strength when the porosity is 0, and D is the empirical constant.



At present, in terms of the mechanical properties of shotcrete, scholars have studied the impact of low to ultra-high temperatures on concrete. The span of temperature basically covers the range of environmental changes on site. Scholars have not only studied the macro cracks, but also deeply analyzed the deterioration mechanism of shotcrete from the perspective of the micro void structure. However, the correlation between the macro phenomenon and the microstructure of shotcrete in a high-temperature environment is little understood. It is necessary to further strengthen the relationship between the two, especially the macro and micro relationship model, so as to better provide a theoretical basis for research on shotcrete in high-temperature environments.




3.2. Bond Strength between Shotcrete and Coal (Rock) Interface


The bond between shotcrete and coal (rock) interface has been a key problem in roadway support. It was necessary to further study the mechanical properties of the interface under high temperature [73,74]. As shown in Figure 9, Ma et al. [75] studied the relationship between surrounding rock and shotcrete cohesion based on a high-ground-temperature simulation experiment. By setting the temperature range at 50–90 °C, the bond strength decreases with the increase of rock wall temperature. At the same time, when the temperature exceeds the critical value, the bond performance of shotcrete will shrink. In addition, CT scanning was performed on the surface of shotcrete at 50 °C and 90 °C. It was observed that the surface deterioration of shotcrete at 90 °C was more serious than that at 50 °C, with a large number of pores, as shown in Figure 10.



Yang et al. [16] studied the bond strength of shotcrete under 70 °C working conditions in a hot and humid environment, and concluded that a dry and hot environment had the greatest impact on the performance of shotcrete, and would accelerate the retrogradation of shotcrete [19,76]. Su et al. [77,78,79] carried out finite element analysis on the temperature field of shotcrete rock slab, and found that temperature determined the damage degree of bond strength between shotcrete and rock slab. The heat and the moisture in shotcrete were mainly lost and evaporated through the side wall of the specimen. As shown in Figure 11, the internal pores of shotcrete under various temperature conditions was analyzed. It was determined that the pore area is proportional to the development of the temperature. For one thing, the high temperature led to a rapid evaporation of water in the shotcrete, and pores formed during the hydration process of the cement; for another, the impact force generated in the process of shotcrete spraying caused the shotcrete to be mixed with air, thus producing bubbles, resulting in an increase in the number of pores in shotcrete under high temperature.



Fan et al. [80] studied the bond strength of shotcrete under high temperature by the. splitting method and drawing method, as shown in Figure 12. Because the splitting failure was accompanied by shear phenomenon, the bond strength of shotcrete measured by splitting method was better than that by drawing method under high temperature. It was also found that the cracks on the cemented surface of concrete due to autogenous shrinkage at a high temperature of 60 °C and thermal decomposition still occurred in the transition zone between shotcrete and rock. Duan et al. [81] pointed out in the paper that relevant scholars believe that 75 °C is the critical temperature for thermal damage of shotcrete, and beyond this temperature, shotcrete will lose its adhesion.



Tang et al. [82] carried out three-dimensional CT scanning on shotcrete to observe the agglomeration phenomenon of shotcrete under different temperatures. It was found that the pore and micro crack zone of shotcrete block at 90 °C was much higher than that at 50 °C. Results showed that the high temperature accelerated the hydration reaction of cement and the disorderly overlapping between molecules, which led to the intensification of autogenous shrinkage of shotcrete and the poor adhesion of hydration products generated, as shown in Figure 13. In addition, the local stress in the shotcrete would produce new cracks again, which would weaken the bond performance of the internal structure of shotcrete.



Scholars have studied the effect of void structure on bond performance of shotcrete by using CT technology, which is of certain significance for analyzing the mechanical failure of shotcrete. However, there are relatively few studies on the interface between shotcrete and rock (coal) based on macro and micro analysis, and in particular, the effect of parameters of different sprayed surfaces (such as roughness, density, and chemical composition) on the bonding performance of shotcrete needs to be further studied.




3.3. Other Mechanical Properties of Shotcrete


There are many failure forms of shotcrete and roadway walls in roadways [83,84]. The shear failure model of shotcrete and rock wall under a standard and high-temperature environment is shown in Figure 14. The internal structure of shotcrete was seriously damaged under high temperature, and the damaged particles presented an irregular state. However, the structure of shotcrete was stable after shear failure in a standard environment. Some scholars have studied the performance of shotcrete under shear failure and other forms. For example, Tang et al. [85] studied the influencing factors of shear strength at the cementation surface between shotcrete and granite under conditions of high and variable temperatures. It was concluded that normal stress has the greatest influence on the shear strength, followed by temperature and humidity, and the surface roughness of granite had the least influence. Moreover, the shear strength increased first, and then decreased with the curing temperature.



Tong et al. [86] studied the influence of different normal stresses on the interfacial shear strength of shotcrete under high-temperature conditions, and found that the shear strength first increased and then decreased with the increase of temperature, and increased with the increase of normal stress. Furthermore, the maximum shear strengths corresponding to temperature was 60 °C and 80 °C when the relative humidity (RH) were 55% and 95%. Consequently, the results showed that the higher the relative humidity was, the higher the peak shear strength and the peak cohesion were, as shown in Figure 15. Mohamed et al. [87] studied the limit stress of saturated shotcrete and dry shotcrete under high temperature. It was found that the thermal effect of shotcrete in a saturated state failed due to the gap pressure generated by free water evaporation during the heating stage, which destroyed the shotcrete matrix and led to serious brittle failure of shotcrete.



Pan et al. [88] studied the residual strength of shotcrete under natural cooling and immersion cooling in an ultra-high temperature environment, as shown in Figure 16. The residual strength of shotcrete was higher when the temperature was lower. However, when the temperature continued to rise, the variation law of residual strength was basically the same under the two curing methods. This shows that the cement hydrate decomposes in the shotcrete under ultra-high temperature, and the bond between aggregate and cement stone becomes worse; the temperature inside and outside of the shotcrete was uneven due to water cooling under high temperature, which led to a shrinkage of the internal structure of the shotcrete. It was further explained that the performance change of shotcrete had nothing to do with the curing method when the temperature exceeded 800 °C.



There are many studies on the mechanical properties of shotcrete under high temperature, and a large number of research results have been obtained to explain the macro phenomenon from the micro point of view. However, most studies only focus on the single mechanical properties of shotcrete. The overall studies on comprehensive properties are relatively few, and the correlation between various mechanical properties needs to be further discussed. It is suggested that when studying various mechanical properties of shotcrete at high temperature, detailed micro research can be conducted separately to focus on the macro changes of various mechanical properties. This may be a relatively clear research method, rather than performing a microstructure study every time a mechanical property is studied.





4. Methods to Improve the Performance of Shotcrete under High Temperature


4.1. Cooling Technology and Method


At present, refrigeration technology at home and abroad mainly includes air conditioning technology, air cooling technology, ice cooling technology, and thermoelectric glycol technology [89,90,91], as shown in Figure 17. However, the cost of traditional technology is high, which is undesirable for a construction environment; therefore, it is necessary to solve the problem of high temperature heat damage from the perspective of new technology and new methods. For example, Jin et al. [92] studied the impermeability of concrete under high temperature with a spray-cooling method. It was found that spray-cooling could improve the ambient temperature, but the damage to the surface of the shotcrete resulted in weakening of the mechanical properties of the shotcrete. Luo et al. [93] introduced a solution using dehumidification and cooling technology, in which NaCl solution and CaCl2 solution are selected, and the air is cooled by the differential pressure between solution and air. Some scholars have also studied liquid CO2 cooling refrigeration technology for ventilation, and found that the air flow temperature in the air duct gradually decreased [94], and the cooling effect was very good. Reducing the high temperature in a construction environment and increasing the air humidity in the construction site can be done by physical or chemical means. A humid environment is conducive to the recovery of high-temperature-damaged concrete strength [95]. In addition, because of the huge geothermal productivity in a high-temperature environment, geothermal refrigeration technology could also be used to improve the construction environment. Table 2 summarizes some refrigeration technologies and compares their advantages and disadvantages.




4.2. Experimental Study on Performance Optimization of Shotcrete


From the safety point of view, in construction in a deep environment, we should not only ensure the stability of the roadway structure, but also improve the site construction environment. Therefore, some scholars have carried out optimization research on shotcrete. He et al. [96] studied thermal insulation shotcrete, and found that the heat insulation mechanism was to increase the temperature difference between the rock wall and construction roadway by using lightweight aggregate with osteoporosis and high porosity as the raw material. Moreover, the test showed that the shotcrete had a certain cooling effect on the construction roadway. Mohd and Zhou et al. [97,98] found that shotcrete still had strong mechanical properties under ultra-high temperature by adding fly ash and metakaolin into shotcrete. Yang et al. [99] found that 67% of the residual strength could be maintained at 1000 °C when steel fiber was added into high-performance shotcrete, which could effectively inhibit the high-temperature cracking of shotcrete.



However, some researchers also found that the mechanical properties of thermal insulation shotcrete mixed with vitrified microbubbles had decreased, which was explained by the formation of a large number of porous structures when vitrified beads were added into shotcrete (Figure 18). In addition, there were also scholars who added inorganic materials such as expanded perlite and silica fume into shotcrete to study its thermal insulation performance; the inorganic materials are shown in Figure 19. For example, Liu et al. [100] studied thermal insulation shotcrete by replacing sand with expanded perlite, and found that dry-spraying technology had a better thermal insulation effect. Pang et al. [101] developed a new type of shotcrete thermal insulation material by adding ceramsite, vitrified microsphere, and fly ash into shotcrete. According to the test, the thermal conductivity was between 0.1837 and 0.2533 w/(m·K), which had certain heat insulation performance and could improve the high-temperature environment. Some scholars have put forward the idea of spraying polystyrene foam for shotcrete maintenance, reducing the temperature difference between the inside and outside of shotcrete, so as to prevent shotcrete cracks [102]. Lei et al. [103] studied the performance change of shotcrete under cement temperatures. The mechanical properties of shotcrete could be improved, and the early setting time could be shortened, by heating the cement at a certain temperature before the shotcrete was prepared. Jiang et al. [104] added plant fiber into shotcrete and found that the thermal conductivity of shotcrete decreased by 20.61% compared with that of ordinary shotcrete, and the fiber inhibited the generation of microcracks to a certain extent [105].



Cui et al. [107,108] studied the performance changes of shotcrete mixed with hook-end steel fiber (SF-HE), wave-shaped steel fiber (SF-W), and basalt fiber (BF) at 100 °C, and found that the total porosity and harmful porosity of shotcrete decreased significantly after adding fiber, and the optimization effect of steel fiber on pore structure was better than that of basalt fiber. However, the porosity of shotcrete increased after the steel fiber and silica fume were mixed, which indicated that the pozzolanic activity of silica fume fails under high temperature, as shown in Figure 20. Chu et al. [109] found that the toughness of foam-fiber-reinforced shotcrete decreased, and the thermal conductivity decreased. This was because foam filled in the void of shotcrete and directly cut off the heat transfer path. Patrick et al. [110] studied the structural performance of shotcrete and concluded that the shotcrete containing alkaline accelerator had low thermal diffusivity and better thermal insulation performance. Some scholars found that the degree of C-S-H gel polymerization and chain length increased at the cemented surface when the shotcrete was mixed with silica fume. A large number of CH crystals generated C-S-H gel, which filled in the interface pores, which enhanced the interfacial strength [111,112]. This could be expressed as Ca(OH)2+SiO2+H2O→C-S-H. Benarchid et al. [113] analyzed the vulcanization properties of waste rock and concluded that it had good safety. Francesco et al. [114] proposed that the performance of shotcrete could be optimized by changing the density of the material to reduce the pore pressure and the gravitational potential energy of shotcrete.





5. Challenges


At present, despite the plentiful results obtained in the field of high-temperature shotcrete research, most of the research is still in the field of tunnel engineering, and there are few studies in other underground engineering fields (such as mine engineering). Moreover, the environments of mine engineering and tunnel engineering are not the same. The mining depth of mine engineering is far greater than that of tunnel engineering. The mining environment is more severe, and the high-temperature environment is more complicated. Therefore, the research on sprayed concrete in the field of underground engineering still faces great challenges, as shown in Table 3.




6. Conclusions


In recent years, a large number of scholars have carried out various studies on the mechanical properties and micro characteristics of shotcrete at high temperature. This paper systematically discusses the evolution mode and process of concrete performance under high temperature:




	(1)

	
This paper first reviewed the causes of the formation of high temperature environments, and pointed out that formation temperature was a kind of heat conduction mode. The leading role of rock thermal conductivity on temperature transmission was determined by introducing the multi-dimensional morphological formula in the process of heat conduction.




	(2)

	
The mechanical properties and micromechanical properties of shotcrete under high temperature were reviewed. Results concluded that the mechanical properties (including compressive strength, tensile strength, bond strength, shear strength) of shotcrete were affected by the critical temperature: before the critical temperature, the mechanical properties of shotcrete showed an increasing trend with the increase of temperature; after the critical temperature, the mechanical properties of shotcrete appeared to show the phenomenon of shrinkage. Through microscopic analysis, multiple studies have shown that when the temperature exceeds the critical temperature, the internal molecules of the shotcrete move violently and the molecules overlap in a disorderly way, the hydration reaction of shotcrete cement is terminated prematurely, and the brittle de-formation is enhanced, which leads to the weakening of shotcrete strength.




	(3)

	
The cooling technology and performance optimization of shotcrete at high temperature are summarized. It is concluded that taking cooling measures for a high-temperature construction environment will increase the recoverability of concrete after deterioration and reduce the deterioration degree of shotcrete. In terms of optimizing the performance of shotcrete, adding inorganic materials, such as vitrified microbeads, foam fibers, expanded perlite, and silica fume, will improve the heat insulation and heat resistance of shotcrete.




	(4)

	
The research status of shotcrete technology under high temperature was analyzed from the aspects of equipment, materials, and technology. It was found that the current temperature measurement system, high-temperature simulation equipment, and material ratio had limitations. At the same time, the challenges that high-temperature shotcrete faces in terms of the process structure, performance optimization, and its application in special engineering fields were summarized.
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Figure 1. Temperature distribution of tunnels and mines with different depths. 
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Figure 2. Heat transfer model: (a) linear type, (b) curve type, (c) spiral type. 
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Figure 3. Shotcrete layer falling off at high temperature. 
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Figure 4. XRD patterns of shotcrete at different temperatures: (a) 30 °C, (b) 60 °C [45]. 
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Figure 5. Damage field caused by different phenomena after 360 h (heat shrinkage and self-contraction) [49]. (a) Creep is considered; (b) creep is ignored; and (c) only thermal shrinkage is considered. 
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Figure 6. Mechanical properties of specimens under various working conditions: (a) compressive strength test, (b) splitting tensile strength test [50]. 
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Figure 7. XRD spectra of different curing systems: (a) different curing time (b) Different curing temperatures [57,58]. 
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Figure 8. SEM photos of ceramsite concrete curing at different temperatures [65]. 
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Figure 9. Data of bond strength between surrounding rock and shotcrete under different working conditions [75]. 
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Figure 10. CT scan image of bonding surface [75]. 
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Figure 11. Comparison of total pore and surrounding pore of aggregate at each temperature [79]. 
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Figure 12. Schematic diagram of bond strength test: (a) splitting method and (b) core drilling and drawing method. 
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Figure 13. Porosity distribution in shotcrete based on CT image [82]. 
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Figure 14. Shear failure model: (a) standard environment and (b) high temperature environment. 
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Figure 15. Variation trend of peak shear stress of C30 concrete with temperature: (a) 55% RH and (b) 95% RH [86]. 
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Figure 16. Residual strength of concrete under different cooling modes in a high-temperature environment [88]. 
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Figure 17. Refrigeration technology in high temperature construction environments. 
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Figure 18. Cross section of thermal insulation concrete material [106]. 
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Figure 19. Inorganic materials for performance optimization of shotcrete. 
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Figure 20. Porosity of different pores under different conditions [108]. BP: non-fiber material; SF-HE: 1% hook-end steel fiber; SF-W: 1% corrugated steel fiber; BF: 0.1% basalt fiber; SF-HE+Si: 1% steel fiber and 5% silica fume. 
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Table 1. Chemical composition of C-S-H gel formed in concrete under different conditions [60].
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Curing

	
Concrete Type

	
C–S–H gels Composition




	
C/S

	
A + F/C

	
Sulphates/C






	
Standard

	
H

	
1.68 ± 0.06

	
0.145 ± 0.033

	
0.104 ± 0.048




	
F

	
1.84 ± 0.29

	
0.159 ± 0.057

	
0.061 ± 0.021




	
Heat curing

	
H

	
1.84 ± 0.12

	
0.124 ± 0.026

	
0.074 ± 0.011




	
F

	
2.04 ± 0.35

	
0.093 ± 0.004

	
0.057 ± 0.015








H: Cement content 100%; F: 20% limestone instead of 20% cement.
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Table 2. Comparison of advantages and disadvantages of refrigeration technology.
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Refrigeration Technology

	
Advantage

	
Disadvantage






	
Air conditioning refrigeration technology

	
Air cooling technology

	
Using air as a refrigeration medium, the system produced no pollution in the environment, and the system structure was simple

	
Large refrigeration equipment, inconvenient to move and install, poor refrigeration capacity, and high refrigeration cost




	
Water refrigeration technology

	
The refrigeration range was wide, and the cooling effect was obvious

	
In the process of cooling, there will be a temperature jump




	
Geothermal refrigeration technology

	
Making full use of waste heat energy, environmental protection and energy saving, low operating cost

	
The refrigeration range was limited, so it was necessary to establish multiple refrigeration systems




	
Ice refrigeration technology

	
High cold storage capacity and high heat exchange efficiency

	
The conveying process was easily blocked, and the melting speed was low




	
Non-mechanical cooling technology

	
Spray-cooling technology

	
It had the advantages of fast cooling rate, low cost, and good dust removal effect

	
It was suitable for a tunneling working face with small working range, few operators, small cooling capacity, and serious heat damage




	
Liquid CO2 refrigeration technology

	
The conveying distance was more than 1000 m, the cooling effect was good, and the cooling system was flexible

	
When the air volume of the working face is large, the cooling effect will be affected




	
Solution dehumidification and cooling

	
It had high dehumidification efficiency, controllable dehumidification capacity, and low operation cost. It could remove dust, bacteria, and other harmful substances in the air

	
The initial investment cost of the solution dehumidification unit was high
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Table 3. Challenges of shotcrete performance under high temperature.
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	Challenges
	Current Technologies
	Future Challenges





	High temperature detection technology research
	Thermocouple temperature measurement, infrared temperature measurement, and other technologies. However, the temperature can change in the hot and humid environment of the roadway, and a complete test system has not been formed.
	Develop a new temperature measurement method, establish a temperature measurement system, predict and forecast the high temperature area of the roadway, ensure that the construction environment is in a balanced state, and reinforce the area where the roadway sprayed concrete may be damaged in advance.



	Experimental device for performance of shotcrete
	Shotcrete is made by pouring or spraying. Then, constant temperature and a humidity curing box or high-temperature drying box are used to simulate high-temperature environment curing. There will be a gap in the simulation of the high-temperature environment, which will affect the experimental results.
	Research and development of shotcreting equipment and performance testing system in high temperature. Accurately simulate high-temperature environment to improve the authenticity of research results. Provide reliable results for improving the development of infrastructure under high temperature.



	Shotcrete spray layer structure
	The existing research is based on the study of the adhesion of shotcrete under the action of temperature, but it has not involved research on the shotcrete spraying layer in the process of roadway reinforcement under high temperature.
	Study the performance change trend of high-temperature roadway shotcrete with the thickness of shotcrete layer. Get the optimal spray layer thickness under high temperature. Study the adhesion between spray layers. Research and develop high-efficiency, environmentally friendly, and low-cost adhesives



	Performance of shotcrete in special environments
	Existing research is based on the permeability of shotcrete, and there is basically no relevant literature on the high-temperature conditions of the construction roadway in a high-water-spray environment.
	Study the mechanical properties of shotcrete in high-temperature acid and alkaline environments. Investigate the non-linear relationship between the compatibility of the sprayed concrete and the cemented surface of the high-water-spray area and the interface’s mechanical properties.



	Microscopic properties of shotcrete
	The existing research has explained the deterioration performance of shotcrete at high temperature from the micro level, but it is still not perfect. There is no detailed study on the crack development process and deterioration mechanism of concrete in a high temperature environment.
	Study the microscopic changes of shotcrete under high temperature. Establish a damage model of shotcrete under high temperature. Study the impact properties of shotcrete layers under high temperature. Establish a damage prediction model for shotcrete layer structure under high temperature, using acoustic emission technology to predict the development trend of shotcrete deterioration in advance.



	Optimization of shotcrete
	Existing research is mainly based on studies of thermal insulation sprayed concrete, which is mainly improved from the material ratio by adding inorganic materials. Although it has a certain thermal insulation effect, its thermal insulation performance is insignificant for the ultra-high temperature construction environment.
	Study the modification of shotcrete. Choose low-quality, low-thermal-conductivity materials to reduce the potential energy of concrete. Preliminary research on the high temperature resistance between silica aerogel and shotcrete.
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