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Abstract

:

A new type of composite cement-based cementing material—high-strength fast cementing material (HSFCM)—will be widely used in marine engineering projects such as submarine tunnels. However, the influence of fire and other high temperature conditions on its material properties have not been explored in previous studies. Mechanical tests and microstructure observations of HSFCM were carried out, and the strength and deformation characteristics, microstructure and composition evolution of HSFCM after high temperature treatment were discussed. After high temperature treatment, the compressive strength of HSFCM deteriorated. The compressive strength of HSFCM decreased by more than half at 400 °C. The peak strain increased at 200 °C with the increase of temperature, and decreased at 400~600 °C with the increase of temperature. High temperature reduces the stiffness of HSFCM, and the elastic modulus decreases with increasing temperature. The influence of high temperature on the microstructure of HSFCM is mainly shown in the increase and enlargement of pores in three-dimensional space, the development of micro-cracks and the thermal decomposition of cementing material into stable oxides without cementing effect. The microscopic changes of HSFCM are in good agreement with the mechanical test results.
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1. Introduction


Coastal areas are the most economically developed areas in China, with numerous engineering projects [1] and huge uses of cement-based cementing materials [2]. Currently, cement-based materials are widely used in offshore projects, such as undersea tunnel construction [3], offshore oil and gas engineering [4], submarine pipeline construction [5] and offshore bridge construction [6]. Taking Qingdao, a coastal city in northern China, as an example, with the expansion of the construction scope of urban public transport facilities in recent years, the number of undersea tunnels in this area is increasing (as shown in Figure 1A). Cementing materials are widely used in weak strata reinforcement, concrete lining reinforcement, surrounding rock plugging and other conditions (as shown in Figure 1B). The performance of cementing materials directly affects the stability and durability of supporting structures and surrounding rock strata. The increased construction in the area has increased the risk of accidents such as fire. As the undersea tunnel is a narrow and closed structure located in the underwater environment, fire often causes heavy casualties and huge economic losses. At the same time, due to the poor ventilation of undersea tunnels, fire can cause the ambient temperature to reach more than 1000 °C [7]; high temperatures will affect the structural composition of cement-based cementing material, changing the mechanical properties of the material, causing the tunnel structure to crack and affecting the bearing capacity and service life of the undersea tunnel. This can lead to tunnel collapse, threatening the safety and stability of the project [3,8,9,10].



It is very important to study the evolution law and mechanism of properties of cement-based cementitious materials at high temperature for accurate evaluation of engineering structure safety and further improvement of material properties. Portland cement is a widely used basic cementing material. When exposed to the influence of a high temperature environment, the hue of its surface color will change, accompanied by volume change and damage [11]. Observation of the microstructure revealed that thermal cracking between different media was the main reason for performance degradation [12]. In some emergency projects, aluminate series cement with shorter curing time is used, and its performance is more significantly affected by high temperature [13,14,15]. A variety of composite cementing materials have been developed based on cement. The bearing capacity of engineering cementing composites (ECC) is reduced at high temperature [16]. The specimen size does not affect the percentage of strength loss [17]. Fiber can be added to obtain higher toughness [18]; recycled materials such as alkali slag and fly ash are also often used to improve high temperature resistance of cement-based cementitious materials, and obtaining the law of mechanical properties changing with temperature [19,20]. With the development of experimental techniques and equipment, the mechanism of microstructure change of cement-based materials after high temperature has been revealed by various means [21,22,23].



Due to the particularity and complexity of the location, the construction cost of marine engineering is often very high. The key to saving investment is to use the appropriate construction technology and cementing materials to reduce the construction period [24]. At present, Portland cement is mainly used in marine engineering in China, but its single property, poor durability such as impermeability, corrosion resistance and freeze–thaw resistance, cannot fully meet the special requirements of marine engineering [25]. Different types of cementing materials have different engineering properties. For construction projects in coastal areas that require materials to set quickly and become strong early, our predecessors developed a new high-strength fast cementing material, HSFCM [26], which is a composite cement-based cementitious material. It is often used in grouting engineering to reinforce the weak stratum and lining structure, which can significantly shorten the site construction period [27], and it has a wide application prospect. However, there are few studies on HSFCM at present. Most of these studies were conducted at normal temperature, aiming at the engineering characteristics of the anchorage structure. This makes it is impossible to evaluate the influence of high temperature on this material, which restricts its wider application. Therefore, focusing on the influence of high temperature on HSFCM and studying the evolution law and mechanism of its mechanical properties can provide an important reference for evaluating the properties of materials and further improving materials.




2. Materials and Methods


2.1. Materials and Specimen Preparation


The material used in this study is HSFCM, a composite cement-based cementitious material produced by a company in Shandong Province. The composition of the raw materials is shown in Table 1 [26].



The particle size distribution of cement-based cementitious materials is closely related to their mechanical properties [28]. Particle size analysis of HSFCM was carried out using a Winner 3003 dry laser particle size analyzer, and the particle size distribution curve is obtained as shown in Figure 2. It can be seen that the particle size distribution of HSFCM is uneven, most of the particle size is concentrated in the range of 10~40 μm, particles at the size of about 100 μm are few and the material is poorly graded.



HSFCM is often used as a grouting material in marine engineering. The diffusion capacity of the material can be measured by indicators such as fluidity and setting time. The differences in performance between HSFCM and Portland cement commonly used in marine engineering were compared through laboratory tests. The materials were weighed with the water/material ratio of 0.3 [26,27]. The stirred HSFCM and Portland cement were filled with the cup–cone round mold, respectively, and then the mold was lifted to let the slurry flow freely until it stopped under the condition of no disturbance. The diffusion diameter was measured with calipers to calculate the fluidity. Use Vicat apparatus to measure the setting time, when measuring let the test needle freely sink into the pure pulp, observe the pointer reading and obtain the final setting time. The mobility and setting time data are shown in Table 2. Under the same water–material ratio, HSFCM fluidity is obviously greater than Portland cement, HSFCM water requirement is smaller and the grouting diffusion range is larger. Furthermore, HSFCM setting time is shorter than Portland cement. HSFCM can set and harden faster to achieve strength, which is conducive to the next early process.



Cylindrical specimens with a diameter of 50 mm and a length-to-diameter ratio of 2.0 were produced for the test according to ASTM C39 recommended dimensional standards [29]. The mixing procedure: HSFCM was poured into a mixing bucket and stirred for 1 min, then mixed with water according to the water/material ratio of 0.3. The mixing was continued for 5 min and then the mixture was injected into the mold prepared in advance, vibrated and then left to stand for 24 h at room temperature before demolding, and then placed in a standard maintenance room at a temperature of (20 ± 3) °C and relative humidity of (95 ± 2)% for 28 d.




2.2. Test Procedure


The GR.AF80/14 atmosphere furnace was used for high temperature treatment of the specimens, and the heating temperature was set to 100 °C, 150 °C, 200 °C, 400 °C and 600 °C for five test groups. The specimens at room temperature (20 °C) were used as the control group. In order to ensure that the specimens were uniformly heated, the heating rate was set to 5 °C/min, and the rated temperature was maintained for 4 h (Figure 3A). Then the heating was stopped and the specimens were taken out after natural cooling in the chamber (Figure 3B).



The SHT4106 electro-hydraulic servo-type instrument was used to test the mechanical properties of the specimens after high temperature treatment. The axial displacement-controlled loading mode with a loading rate of 0.5 mm/min was selected. The arrangement of the device is shown in Figure 3C. The microstructure and morphological evolution of HSFCM were analyzed by a nanoVoxel-2792 X-ray three-dimensional microscopic imaging system and a scanning electron microscope. At the same time, HSFCM specimens were selected for an XRD test, and the diffraction profile was obtained by MDI Jade software to analyze the changes in microscopic composition.





3. Results


3.1. Uniaxial Compression Test


3.1.1. Compressive Strength


Compressive strength, which is closely related to elastic modulus, peak strain and other mechanical parameters, is the most conventional and important index for testing mechanical properties of materials [30]. A uniaxial compression test was conducted on HSFCM specimens treated by atmosphere furnace. Figure 4 shows the compressive strength of HSFCM treated at different temperatures.



High temperature deteriorates the compressive strength of HSFCM. The average compressive strength of specimens treated at 100 °C, 150 °C, 200 °C, 400 °C and 600 °C was 28.73 MPa, 23.78 MPa, 22.02 MPa, 17.60 MPa and 14.64 MPa, respectively. Compared with 31.65 MPa at 20 °C, the compressive strength decreased by 9.24%, 24.87%, 30.43%, 44.39% and 53.75%, respectively. It can be seen that the compressive strength of HSFCM gradually decreased with the increase in temperature. At 100 °C, the compressive strength decreased less, the specimens were in the stage of free water evaporation in the internal pores and the internal damage was relatively light. At 100~200 °C, the free water in the specimens completely evaporated, the internal damage was aggravated and the strength decreased rapidly. When the temperature rose above 400 °C, a large number of hydration products were dehydrated, the cement matrix was heated and cracked and the internal micro-cracks expanded. At this time, the compressive strength could be reduced by more than half.




3.1.2. Stress–Strain Curve


The stress–strain relationship reflects the most basic mechanical properties of materials and is the main basis for studying mechanical strength and deformation characteristics [31]. Figure 5 shows the compressive stress–strain characteristic curve of HSFCM after high temperature.



After high temperature treatment, the compressive stress–strain curve of HSFCM can be divided into four stages: compression and compact section, elastic growth section, yield section and residual section. At the initial stage of compression, the specimen stiffness increases due to the external force compaction of the internal pores, and the curve presents an upward concave shape. When the strain reaches 20% of the peak strain of the specimen, the approximate linear growth of the curve indicates that the elastic growth stage is entered. As the loading continues, the curve no longer increases linearly; at this time, the internal damage of the specimen intensifies, and the curve becomes concave downward into the yield section until the specimen’s brittle failure occurs at the peak, and the curve drops sharply. After that, the compressive stress does not increase and the strain increases, entering the residual section. With the increase of temperature, the peak stress and curve slope decrease, and the growth segment before reaching the peak stress decreases. It is particularly noted that after the specimens were treated at 400~600 °C, the color gradually deepened, the mesh cracks appeared on the surface and gradually expanded and some specimens burst, indicating that the HSFCM specimen had local damage between 400~600 °C. This is also the reason for the change of the peak strain trend of the specimen at 400~600 °C. Due to the already existing failure in the specimen after the high temperature treatment, when a small strain occurs in compression of the specimen, it will be reflected as compression failure. Therefore, at 400~600 °C, the stress–strain curve does not reflect the whole process of specimen failure, but only the process of compression failure.





3.2. CT Scan of Pore Structure


The macroscopic mechanical properties of cementitious materials depend on the stability and density of the internal microstructure. The thermal decomposition of cementitious materials at high temperature will cause the change of the internal microstructure, resulting in the deterioration of the macroscopic mechanical properties [21,32,33].



The same HSFCM specimen was selected for CT scanning in order to obtain the changes of the microscopic pore structure of the material with temperature. Firstly, a cylindrical specimen with a diameter of 50 mm and a length of 100 mm was prepared, which was drilled and polished into a cylindrical specimen with a diameter of 3 mm and a length of 10 mm for CT scanning. The specimen was scanned in a CT device to obtain fluoroscopic images. After that, the specimen was transferred to the atmosphere furnace for high temperature treatment. After natural cooling, CT scanning was carried out to obtain the images of the specimen treated at 100 °C and 400 °C, successively. After the scanning, the software supporting the instrument was used to reconstruct the overall and internal morphology of the specimen, and the influence of temperature on the microstructure was analyzed by analyzing gray decay and three-dimensional pore structure changes.



Figure 6 shows CT scanning images of different cross sections (nz = 300 layers, 600 layers, 900 layers), longitudinal sections (nx = 450 layers) and three-dimensional pore distribution of the specimen treated at 20 °C, 100 °C and 400 °C. The images were rendered—the higher the density, the whiter and brighter the image color—and a threshold segmentation method was used to obtain the distribution of pores within the specimen, marked in red.



By comparison, it can be seen that the influence of high temperature treatment on HSFCM is mainly manifested as the increase in the number of pores and the size of pores in the three-dimensional space. The distribution of pores in the specimen at 100 °C is little different from that at 20 °C, but the number of pores increases, mainly distributed in the top and middle of the specimen, and a large number of coarse particles such as fine sand are distributed at the bottom. At 400 °C, the internal pores of the specimen increased significantly, and with the increase of temperature, the high-density material at the bottom also gradually experienced thermal decomposition. The changes of micro-pores are in good agreement with the evolution of macro-mechanical properties.




3.3. Component Analysis


High temperature deterioration of cement-based cementitious materials is not only a physical process, but also a chemical reaction of composition change [34,35,36]. Therefore, an X-ray diffraction test (XRD) was used to discuss the composition change under the condition of thermal decomposition of materials, and the XRD pattern as shown in Figure 7 was obtained.



As seen in Figure 7, the XRD pattern of HSFCM changes after high temperature treatment. Multiple ettringite and calcium silicate hydrate diffraction peaks can be identified at 20 °C. The reason why HSFCM can coagulate quickly and become strong early is that it contains a large number of active silica substances, which can react with Ca(OH)2 to form calcium silicate hydrate gels (CaO·SiO2·nH2O, C-S-H), etc. Such substances are the products of a hydration reaction. It reflects the main bonding substance in the specimen. When it rises to 100 °C, the diffraction peaks of ettringite decrease obviously, and multiple CaSO4 diffraction peaks appear, indicating that the decomposition of ettringite occurs under heat. The diffraction peaks of calcium silicate hydrate are slightly enhanced, and the diffraction peaks of SiO2 and Ca(OH)2 are slightly reduced, indicating that the remaining SiO2 and Ca(OH)2 in the specimen continue to undergo hydration reactions to produce hydration products before the free water evaporates completely. When the temperature exceeds 400 °C, the diffraction peaks of ettringite and calcium silicate hydrate almost disappear, and multiple diffraction peaks of SiO2 and CaSO4 appear again, indicating that hydration products are further decomposed by heat with the increase in temperature. In addition, multiple diffraction peaks of CaO appear, which may be the CaO generated by the heat dehydration of Ca(OH)2 and the heat decomposition of CaCO3. On the whole, with the increase in treatment temperature, the decomposition of gelling substances in HSFCM becomes more serious, and stable oxides without gelling are eventually generated, resulting in serious deterioration of material properties.




3.4. Surface Morphology Analysis


In order to more directly observe the changes in the surface microstructure of HSFCM, a scanning electron microscope (SEM) was used for observation and analysis, and the scanning images are shown in Figure 8.



The surface of the HSFCM specimen without high temperature treatment is more uniform and flat; the number of pores and micro-cracks is less; the hydration products grow freely; there are Ca(OH)2, ettringite crystals and C-S-H gels, etc.; the contact between particles is close; the bonding degree is higher; and the microstructure is good. When the temperature is 100 °C, the surface is slightly convex; the fold becomes rough; the size and number of pores increase, but no obvious crack development has occurred; and the degree of bonding of the gel becomes low. At 400 °C, a large number of irregular crystals and whiskers appear; the bonding substance between the crystals is reduced; the specimen surface becomes uneven; the honeycomb micro-pores increase; the pore structure increases; and the micro-cracks develop through each other, which is consistent with the results of CT scanning and XRD analysis.





4. Discussion


4.1. Comparison of Compressive Strength with Other Cementitious Materials


The ratio of compressive strength of HSFCM after high temperature treatment    f  c   T     to compressive strength at room temperature    f c  20     was selected and compared with silicate cement PO [37], engineering cementitious composites ECC [17], calcium aluminate cement CAC [38], magnesium potassium phosphate cement MKPC [39] and strain-hardening cementitious composites with high-volume of fly ash HVFA-SHCC [20] for comparison (Figure 9).



As can be seen from Figure 9, the influence of high temperature on the compressive strength of different types of cement-based cementitious materials is different. For pure cement cementitious materials such as PO and CAC, the compressive strength tends to rise with the increase of temperature, which may be caused by the continuation of the unfinished hydration reaction due to the increase in temperature. After reaching a certain temperature, the strength begins to decline. For composite cementitious materials composed of a variety of raw materials, the compressive strength is more seriously affected by the deterioration of high temperature, and decreases continuously with the increase of temperature, which is caused by different material components affected by temperature (pyrolysis, chemical reaction, etc.). In general, HSFCM is more deteriorated at high temperature than other materials, because there is more sulfoaluminate cement in the ingredients of HSFCM. Sulfoaluminate cement has a fast setting speed, high early strength and good freezing resistance [40], but it is generally not suitable for high temperature environments [15]. The content of sulfoaluminate cement can be reduced in the follow-up HSFCM high temperature resistance improvement.




4.2. Peak Strain of HSFCM after High Temperature Treatment


Peak strain is an important index reflecting the deformation capacity, which can be used to analyze the deformation law of cement-based cementitious materials [41,42]. The peak strain of HSFCM treated at each temperature is selected from the stress–strain curve, and the ratio of peak strain treated at high temperature    ε  T     to peak strain at room temperature    ε  20     varies with temperature (Figure 10).



The peak strain ratio increases with the increase of temperature within 200 °C. At 400~600 °C, due to severe internal heat damage, the compressive resistance and deformation ability of the specimens deteriorated, and the peak strain showed a downward trend, but all of them were greater than the peak strain at 20 °C. The peak strain ratio obtained from the test was fitted with the temperature, and the relation Equation (1) was obtained from Figure 10:


     ε  T      ε  20     = 0.53 sin   π   T − 159   266     + 1.54  



(1)




where T is the treatment temperature. The correlation coefficient R2 of peak strain ratio and temperature fitting curve is 0.999, indicating a good degree of fitting.




4.3. Elastic Modulus of HSFCM after High Temperature Treatment


Elastic modulus is an index to measure the difficulty of material deformation [43]. It is calculated by referring to Equation (2) in ASTM C 469/C 469M:


  E =    σ  0.4   −  σ 1     ε  0.4   −  ε 1     



(2)




where    σ  0.4     is the stress value at 40% of the peak stress;    ε  0.4     is the strain value corresponding to    σ  0.4    ; and    σ 1    and    ε 1    are the stress and strain values, respectively, corresponding to 1 kN load.



The elastic modulus was calculated; the ratio of the elastic modulus after high temperature treatment    E  T     and the elastic modulus at room temperature    E  20     changed with temperature (Figure 11).



High temperature decreased the stiffness of HSFCM, the elastic modulus decreased with increasing temperature and the deterioration rate was first rapid and then slowed down. Equation (3) is obtained by fitting the relationship between the ratio of elastic modulus and temperature in Figure 11:


     E  T      E  20     =   2.56    T  0.17      



(3)




where T is the treatment temperature. The correlation coefficient R2 of the elastic modulus ratio of HSFCM to the fitting curve of temperature is 0.991, indicating a good degree of fitting.





5. Conclusions


(1) The compressive strength of HSFCM deteriorated after high temperature treatment, and the compressive strength decreased gradually with the increase in temperature. At 100 °C, the compressive strength decreased less; at 100~200 °C, the specimen damage increased and the strength decreased faster; at 400 °C, the compressive strength decreased by more than half. HSFCM is brittle under compression. With the increase of temperature, the peak stress and curve slope decrease, and the growth segment before reaching the peak decreases.



(2) The peak strain of HSFCM increased with increasing temperature at 200 °C, and decreased with increasing temperature at 400~600 °C. High temperature decreased the stiffness of HSFCM, the elastic modulus decreased with increasing temperature and the deterioration rate was first fast and then slow.



(3) A CT scan was used to study the microstructure changes of HSFCM after high temperature treatment, and it was found that the influence of high temperature on HSFCM mainly manifested as the increase of pore number and pore size in three-dimensional space; the high-density material was also gradually decomposed by heat with the increase in temperature.



(4) By comparing XRD patterns, it was found that hydration products such as ettringite and calcium silicate hydrate are gradually decomposed by heat, and multiple diffraction peaks of SiO2, CaSO4 and CaO appear, indicating that with the increase of temperature, the decomposition of gelling substances in HSFCM becomes more serious, and stable oxides are eventually generated.



(5) Through SEM analysis, it was found that a large number of irregular crystals and whiskers appeared when HSFCM was heated, the cementing material between crystals decreased, the surface bulges and folds gradually became uneven, the honeycomb micro-pores increased, the pores increased and the micro-cracks developed through each other.



In summary, the changes of microstructure and composition of HSFCM are in good agreement with the experimental results of mechanical properties after high temperature, which is the fundamental reason for the deterioration of its macroscopic mechanical properties at high temperature.
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Figure 1. The role of cement-based cementitious materials in growing marine engineering. 
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Figure 2. Particle size distribution of HSFCM. 
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Figure 3. Temperature rise curve (A), high temperature treatment equipment (B) and test device for uniaxial compression (C). 
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Figure 4. Compressive strength of HSFCM after treatment at different temperatures. 
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Figure 5. Compressive stress–strain curve of HSFCM after treatment at different temperatures. 
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Figure 6. CT images of different sections and internal pores of HSFCM. 
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Figure 7. XRD pattern of HSFCM after treatment at different temperatures. 
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Figure 8. SEM images of HSFCM after treatment at 20 °C (A), 100 °C (B) and 400 °C (C). 
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Figure 9. Comparison of compressive strength of several cementitious materials [17,20,37,38,39]. 
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Figure 10. Peak strain ratio changes with temperatures. 
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Figure 11. Elastic modulus ratio changes with temperatures. 
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Table 1. The raw materials composition of HSFCM.
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	Material
	Proportion (wt%)





	Sulfoaluminate cement
	30~50%



	Early strength Portland cement
	15~25%



	Fine sand
	25~35%



	Calcium sulfate
	3~7%



	Calcium carbonate
	3~7%



	Magnesium oxide
	0.7~1.3%



	Silicon powder
	0.7~1.3%



	Water reducer
	0.7~1.3%



	Boric acid
	0.07~0.13%
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Table 2. Comparison of HSFCM and Portland cement grouting properties.
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	Indicators
	HSFCM
	Portland Cement





	Fluidity (cm)
	35
	6



	Final setting time (min)
	80
	375
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