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Abstract: Using nanomaterials is a new method to improve concrete material, and graphene or its 

derivatives are currently the most attractive nanomaterials. This paper aims to experimentally 

evaluate the effects of graphene sulfonate nanosheets (GSNSs) on physical, mechanical, and thermal 

properties of sacrificial concrete. The microstructure, porosity, compressive strength, thermal analysis, 

coefficient of thermal expansion, thermal diffusivity and ablation behaviour of sacrificial concrete 

with different contents of GSNSs before and during exposure to various temperatures up to 1000 ºC 

were comprehensively investigated. A new experimental apparatus was proposed and used to measure 

the compressive strength of sacrificial concrete during elevated temperature exposure. It was found 

that, (1) the compressive strength, thermal diffusivity, and decomposition enthalpy of sacrificial 

concrete increased by 10.14-23.11%, 6.51-27.66%, and 7.48%, respectively, when adding 0.1 wt% 

GSNSs; (2) the porosity and ablation velocity of sacrificial concrete reduced by 2.00-6.00% and 

7.48%, respectively, due to the incorporation of GSNSs. 
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1. Introduction 

  Currently, concrete is the most important and widely used construction material. However, concrete 

is a quasi-brittle material, and is inclined to crack, since it has high compressive strength but relatively 

low flexural strength [1]. Consequently, to prevent cracking and to improve the strength especially 

the flexural strength are the essential methods to extend the service life of concrete and concrete 

structures. Recent progress in the field of nanotechnology has presented an opportunity to enhance 

the performance of cementitious composites by adding fibres or nano-sized particles, such as nano-
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silica [2-5], nano-titanium oxide [6], and carbon nanotubes [7-10]. Nano-sized reinforcements in 

cementitious composites were found to be more effective than conventional reinforcements that are 

usually limited at millimeter scale, because nano-sized particles can help control nano-size cracks (at 

the initial stage) before they extend to micro-size cracks [11]. It has been indicated that the 

microstructure and strength of hydration gels in cementitious composites can be substantially 

improved if the used nano-sized materials are properly treated. Furthermore, some nano-sized 

reinforcements can enhance the packing density of calcium silicate hydrates (C-S-H), thus the 

porosity can be reduced effectively, as a result of which the transport of aggressive agents into 

cementitious composites would be slowed down significantly. Therefore, many improvements in the 

microstructure of concrete can be achieved by incorporating nano-sized materials into concrete. 

  In recent years, graphene, as a new carbon nanomaterial, has attracted the most attention in science 

and engineering. Compared with other nanomaterials, graphene demonstrates a unique atom-thick 

sp2 bonded 2D structure [12]. Graphene has excellent electrical, optical, mechanical, and thermal 

properties, and its intrinsic tensile strength and Young’s modulus are estimated to 130 GPa and 1 TPa, 

respectively [13]. The thermal conductivity of suspended graphene can be as high as 5300 W/mK 

[14]. Moreover, the specific surface area of a single graphene sheet can reach 2630 m2/g, and the 

aspect ratio (defines as the ratio of the width to the thickness) of a single graphene sheet is more than 

2000 [14]. The great exposed surface areas of graphene are conducive to potential chemical or 

physical interactions between graphene and matrix material. Accordingly, graphene has a promising 

application prospect when combined with cementitious composites. However, difficulty in dispersing 

graphene and high cost of production are the major challenges, which limit the practical utilization 

of graphene. Graphene nanosheets (GNSs) and graphene oxide nanosheets (GONSs) are new kinds 

of nano-sized materials consisting of graphene stacks or graphene sheets [15-20]. Both GNSs and 

GONSs display a 2D sheet-like structure, and the thickness of them is generally less than 10 nm, that 

is, still at nano scale. Unlike pure graphene, GONSs are oxides of GNSs, and thus contain oxygen 

functional groups attached on the basal plans and edges of graphene oxide sheets. The functional 

groups can significantly modify the van der Waals interactions between the GONSs, and therefore 

can enhance their dispersion in water [21]. In addition, as the derivatives of graphene, the GNSs and 

GONSs are low-cost nanomaterials.  

  Up to now, many studies have been carried out to investigate the effects of GNSs or GONSs on 
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properties of cementitious materials. The study on the effect of GNSs on the mechanical properties 

of geopolymer composites by Ranjbar et al. [22] indicated that the compressive strength and flexural 

strength of geopolymer were improved by 1.44 and 2.16 times, respectively, when adding 1 wt% 

GNSs. Lv et al. [23] observed that the tensile, flexural, and compressive strength of cementitious 

composite could be increased by 78.6%, 60.7%, and 38.9%, respectively, if 0.03 wt% GONSs (with 

respect to weight of cement) were added. Pan et al. [17] found that the addition of 0.05 wt% GONSs 

resulted in the increases in compressive strength and flexural strength of cementitious composite by 

15-33% and 41-59%, respectively. Lv et al. [24] investigated the effect of GONSs on the 

microstructure and mechanical properties of cement paste, and observed that GONSs could regulate 

the cement hydration products and further form ordered microstructure, and the compressive and 

flexural strength of cement paste increased by 56.6% and 77.6%, respectively, when adding 0.03 wt% 

GONSs. In addition to improving strength, GNSs or GONSs can bring certain self-sensing capability 

to cementitious materials. Le et al. [19] pointed out that the GNSs can be used to characterize the 

damage in cementitious composites by measuring the electric potential of specimens. The study found 

that the GNSs reinforced cementitious composites exhibited the potential of self-sensing to damage 

throughout the extraordinary electrical conductivity of GNSs. Although GNSs or GONSs have been 

extensively investigated on cement paste or mortar, their applications in concrete have, to date, 

remained limited. In addition, there is no published research on the effects of graphene sulfonate 

nanosheets (GSNSs) on microstructure and properties of cementitious composites. 

  Sacrificial concrete is designed to reduce the leakage potential of radioactive materials in severe 

nuclear accidents [25]. On one hand, sacrificial concrete can melt and mix with corium (a molten 

mixture of fuel material, partially or totally oxidized cladding, non-volatile fission products, and 

various structural materials), reducing the temperature of corium. On the other hand, the SiO2 from 

sacrificial concrete can oxidize Zr in the corium, and the glassily matrix formed by molten SiO2 can 

enwrap the radioactive fission products [26]. The core technical parameters of sacrificial concrete  

are as follows, (1) the silica sand should contain SiO2≥83 wt%, CaCO3≤8.5 wt%, and MgCO3≤1 

wt%, respectively; (2) in the mixtures of sacrificial concrete, the content of silica sand (including dry 

parts of admixtures and additives) should reach 85% of total dry mass of sacrificial concrete; (3) the 

slump flow is supposed to be in the range of 55 to 65 cm for fresh sacrificial concrete; (4) after curing, 

the free water content and compressive strength should be less than 5%, and more than 30 MPa, 

respectively; (5) when exposed to high temperatures, the sacrificial concrete should guarantee the 
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integrity up to 1000 ºC [25].  

In the event of fire or nuclear accident, concrete is subjected to high temperature. Although the 

properties of concrete after high temperature exposure have been extensively studied [27-32], the 

available information on the thermal properties of sacrificial concrete is rare, and needs to be updated. 

The damage in concrete induced by elevated temperature is recovered slightly during cooling, so the 

properties of concrete after high temperature exposure do not represent the actual situation of material 

at elevated temperature, especially its mechanical properties. Chu et al. [33] have recently presented 

a comprehensive investigation on thermal behaviour and damage evolution of sacrificial concrete 

after elevated temperature exposure. However, effects of GSNSs on mechanical and thermal 

properties of sacrificial concrete have not been studied. A compressive understanding of the 

mechanical performance of sacrificial concrete during high temperature exposure is crucial to provide 

a better guidance for design of the material, but there are no published literatures on the mechanical 

properties of sacrificial concrete during elevated temperature exposure. 

  This paper, for the first time, investigates the effects of GSNSs on mechanical and thermal 

properties of sacrificial concrete before and during high temperature exposure. To this end, the 

microstructure, porosity, compressive strength, thermogravimetric analysis (TGA), differential 

scanning calorimetry (DSC), coefficient of thermal expansion (CTE), thermal diffusivity, and ablation 

behaviour of sacrificial concrete with different contents of GSNSs before and during exposure to 

various temperatures (i.e., 200, 400, 600, 800, and 1000 ºC) were comprehensively investigated. In 

addition, a new experimental facility for compressive strength measurement of sacrificial concrete at 

high temperature was presented.  

2. Materials 

2.1. Cement and supplementary cementitious materials 

  Silica fume and Class I fly ash (equivalent to ASTM C 618 Class F fly ash) were used as 

supplementary cementitious materials in the study. The silica fume was used to improve the fluidity 

of fresh sacrificial concrete. The chemical composition and physical properties of cement and 

supplementary cementitious materials are shown in Table 1. The compressive strength of cement 

paste at 28 days was 62.8 MPa.  

2.2. Aggregate 
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  The aggregate used in the paper was silica sand produced by Nuclear Industry Nonmetallic Mineral 

Powders Co., Ltd (Liuzhou, China). The chemical composition of silica sand was SiO2, CaCO3, and 

MgCO3, the weight fractions of which were 99.88%, 0.058%, and 0.062%, respectively. Therefore, 

the chemical composition of the silica sand fulfilled the requirements of sacrificial concrete 

mentioned above. The sieve analysis of silica sand is shown in Table 2. 

2.3. Superplasticizer 

  A superplasticizer of polycarboxylate supplied by Sobute New Materials Co., Ltd (Nanjing, China) 

was utilized to gain a satisfactory fluidity of sacrificial concrete. The solid content of the 

superplasticizer was 40.0 wt%.  

2.4. Polypropylene fibre 

  In order to enhance the high temperature integrity of sacrificial concrete, the polypropylene fibre 

was added. The physical and mechanical properties of polypropylene fibre used in the paper are 

presented in Table 3. 

 2.5. Graphene sulfonate nanosheets (GSNSs) 

  Graphene sulfonate solution was produced and provided by Graphene-Tech Co., Ltd (Suzhou, 

China), and its solid content was 10.5 wt%. The particle size and thickness of GSNSs were 50-100 

μm and 1-2 nm, respectively.  

2.6. Mix proportions of sacrificial concrete  

  The mixtures of sacrificial concrete used in the paper were carefully designed according to our 

previous research findings, as shown in literature [25]. Based on these results, the mixtures of 

sacrificial concrete for this work were further improved via the addition of GSNSs, and are shown in 

Table 4. Note that the content of GSNSs in the SCG mixture was 0.1 wt% of binders (cement and 

supplementary cementitious materials). 

  As shown in Table 4, the slump flow and the dry mass proportion of silica sand (including dry 

parts of admixtures and additives) were 59 cm and 85.03%, respectively, both of which met the 

requirements mentioned above for sacrificial concrete without GSNSs (SC). With regards the 

sacrificial concrete with GSNSs (SCG) mixture in Table 4, slump flow and the dry mass proportion 

of silica sand (including dry parts of admixtures and additives) were 56 cm and 85.03%, respectively, 

both of which fulfilled the aforementioned requirements for sacrificial concrete as well. 
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  According to the above mix proportions, the specimens (shape: cubic; size: 150×150×150 mm) of 

sacrificial concrete were cast. After casting, the molds were covered with plastic sheets and cured 24 

hours at ambient condition, and then the molds were removed, and the specimens were placed into a 

concrete curing room for curing over 28 days with a temperature of 21±1 ºC and relative humidity 

of above 95%. In total, 80 cubic specimens were prepared for each mix proportion. It should be 

emphasized that the free water contents of sacrificial concrete without and with GSNSs after curing 

were 4.09% (SC) and 4.15% (SCG), respectively, which suggested that the free water contents of 

sacrificial concrete used in this work could also meet the requirements mentioned above 

3. Experimental work 

3.1. Microstructure 

In order to detect the microstructural evolution in sacrificial concrete before and after exposure to 

elevated temperatures, the microstructural characterisation of sacrificial concrete was undertaken 

using a FEI 3D environmental scanning electronic microscopy (ESEM), and the micrographs of 

specimens were taken before and after exposure to high temperatures.  

3.2. Porosity 

  A Micromeritics AutoPore Ⅳ 9510 mercury intrusion porosimetry (MIP) was used to characterize 

the pore structure evolution in sacrificial concrete in order to investigate the porosity and pore size 

distribution of sacrificial concrete before and after exposure to elevated temperatures in a quantitative 

manner.  

3.3. Compressive strength  

  The new experimental facility developed for measurement of compressive strength of sacrificial 

concrete at elevated temperature is presented in Fig. 1. The new experimental setup consists of a 

universal testing machine and an electrical furnace. The outline of the universal testing machine is 

taken as the columns and steel beams in Fig. 1, and the maximum loading of the universal testing 

machine is 3000 kN. In addition, the up and down blocks of the machine are made up of a high 

temperature resistant material that still has high strength and stiffness at 1200 ºC. The red frame in 

Fig. 1 denotes the electrical furnace. The heating rate and maximum temperature of the furnace are 

0.5-15 ºC/min and 1500 ºC, respectively. The furnace is bigger enough to hold 3 padding blocks on 

the slide rail, and there is an electric actuator to push the padding blocks along the track, thus the 

compressive strength of 3 specimens can be determined at a time. The silicon carbide rods are 
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distributed evenly on the side walls of the furnace, and there is a thermocouple at the middle of the 

furnace to monitor the temperature of the furnace chamber. In the new experimental facility, there are 

cooling systems on the up and down blocks of the universal testing machine and the electric actuator, 

and the cooling is achieved by letting the cool water flow the cooling systems.  

  In the paper, the specimens were heated from ambient temperature (25 ºC) to 200, 400, 600, 800, 

and 1000 ºC, respectively, at a heating rate of 5 ºC/min. According to literature [27], the specimens 

were held at the target temperature for 2 hours so as to ensure uniform temperature throughout each 

specimen. After that, the universal testing machine was used to determine the compressive strength 

of specimens before and during high temperature exposure at a loading rate of 0.3 MPa/s. In order to 

obtain the compressive strength of sacrificial concrete after elevated temperature exposure, some 

other specimens were heated at the same heating rate, and were also held at the target temperature for 

2 hours, but they were cooled to ambient temperature in the furnace before they were carried out 

mechanical tests.  

3.4. Thermal analysis  

  In order to study the mass and enthalpy evolution of sacrificial concrete during high temperature 

exposure, thermal analysis of sacrificial concrete was performed using a simultaneous thermal 

analyzer (NETZSCH STA449 F3). Both TGA and DSC of sacrificial concrete were carried out in the 

study. The testing conditions were as follows: heating rate 10 ºC/min, up to 1300 ºC, in nitrogen 

circumstance, at standard atmospheric pressure. The specimens utilized in the experiment were 

ground by hand using an agate mortar.  

3.5. Coefficient of thermal expansion (CTE) 

  A dynamic thermal mechanical analyzer (NETZSCH TMA402 F1) was used to measure the CTE 

of sacrificial concrete during high temperature exposure. The CTE and thermal strain tests of 

sacrificial concrete were carried out on 8×8×20 mm prismatic specimens that were sliced from 

150×150×150 mm specimens, according to the standard ASTM E 831-03. The linear variation in the 

length of each specimen was measured by the instrument under temperatures from 25 to 1000 ºC at a 

heating rate of 10 ºC/min. The relationship between thermal strain and linear CTE can be determined 

using Eqs. (1) and (2), given as follows, 

𝜀 = ∆𝐿 𝐿0⁄                                                                    (1) 
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∆𝐿 = 𝛼 ⋅ 𝐿0 ⋅ ∆𝑇                                                                (2) 

where 𝜀  is the thermal strain, 𝛼  is the linear CTE, ∆𝐿  is the unit length change, ∆𝑇  is the 

temperature difference, and 𝐿0 is the initial length of the specimen. 

  Substituting Eq. (2) to Eq. (1), the relationship between thermal strain and CTE can be obtained as,  

  𝜀 =  𝛼 ⋅ ∆𝑇                                                                  (3) 

  According to Eq. (3), the CTE of sacrificial concrete can be determined at each target temperature. 

In addition, the CTE was required in order to calculate the volume evolution of sacrificial concrete 

after exposure to high temperatures. 

3.6. Thermal diffusivity 

  Heat transmission through conduction is determined by the thermal diffusivity during steady or 

quasi-steady conditions. The higher the thermal diffusivity of material has, the lower its insulation 

capability is. The thermal diffusivity of material, a, is defined as the ratio of the heat transmitted to 

the heat stored by the unit mass of the material. 

a = 𝜆 (𝑐 ∙ 𝜌)⁄                                                                  (4)               

where 𝜆 is thermal conductivity, 𝑐 is specific heat, and 𝜌 is density. 

The initial density of sacrificial concrete, 𝜌0, can be determined as, 

𝜌0 = 𝑚0 𝑉0⁄                                                                    (5) 

where 𝑚0 is the initial mass, and the 𝑉0 is the initial volume. 

The mass evolution of sacrificial concrete during high temperature exposure was obtained from 

the TGA experiment, and its volume variation at elevated temperature was gained from the CTE test 

with the assumption that the sacrificial concrete is a homogeneous material. Therefore, the density of 

sacrificial concrete during high temperatures 𝜌 can be calculated from the following equation,                                                                                              

𝜌 = 𝑚𝑇 𝑉𝑇⁄ = [(1 − 𝛾)𝑚0] [(1 + 𝛽)𝑉0]⁄ = [(1 − 𝛾)𝜌0] (1 + 𝛽)⁄                         (6)                                     

where is 𝛾 the mass loss ratio, 𝛽 = 3𝛼 is volumetric CTE, 𝑚𝑇 and 𝑉𝑇 are mass and volume of 

sacrificial concrete at elevated temperatures, respectively. 

A laser thermal constant analyzer (NETZSCH LFA457) was utilized to determine the thermal 

conductivity and the specific heat of sacrificial concrete before and during high temperature exposure 
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(25, 200, 400, 600, 800, and 1000 ºC), according to the standard ASTM E 1461-13. The laser flash 

source was Neodymium-doped gadolinium gallium garnet crystal with a radiant pulse energy up to 

18.5 J. The temperature evolution of specimen was detected by an advanced non-contact infrared 

detector. The specimen size used in the experiment was 10×10×1 mm. Using this laser thermal 

constant analyzer, the thermal conductivity and specific heat of sacrificial concretes before and during 

elevated temperatures exposure were measured, and then their thermal diffusivity was calculated 

using Eq. (4).  

3.7. Ablation behaviour 

  According to the theory of heat transfer, the relationship between ablation velocity υ of sacrificial 

concrete and the heat flux �̇� can be expressed as follows,  

υ = �̇� (𝜌 ∙ 𝐴 ∙ ∆𝐻)⁄                                                             (7) 

where 𝜌 is density, 𝐴 is ablating area, and ∆𝐻 is decomposition enthalpy of sacrificial concrete. 

The enthalpy of sacrificial concrete can be estimated by integrating the DSC curve [34]. Note that 

the zero point of enthalpy was set to 25 ºC in this work. In addition, the decomposition temperature 

of sacrificial concrete can be obtained through a computer-controlled radiant electrically furnace with 

the heating rate of 5 ºC/min, and its decomposition enthalpy can be subsequently determined. As such, 

a qualitative analysis of the ablation velocity of sacrificial concrete can be carried out. 

  It should be pointed out that 3 replicated measurements were tested at each target temperature on 

the porosity, compressive strength, TGA, DSC, CTE, and thermal diffusivity experiments so as to 

improve the accuracy of experimental results. Only the average values were reported herein. 

4. Results and discussion 

4.1. Microstructure 

  ESEM results illustrated distinct variations in the microstructure of sacrificial concrete at both 

ambient and high temperatures. Fig. 2 presents the ESEM micrographs of specimens before and after 

exposure to 200, 400, 600, 800, and 1000 ºC. 

  The matrix of sacrificial concrete without GSNSs displayed a continuous microstructure without 

micro cracks at ambient temperature, as illustrated in Fig. 2a. A small number of micro cracks were 

detected at 200 and 400 ºC, while a fairly large number of micro cracks emerged with the temperature 

up to 600 ºC. In addition, there were 2 channels left by molten polypropylene fibres at 400 and 600 
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ºC, and some micro cracks were also observed in the aggregate at 600 ºC. At 800 ºC, connected cracks 

spread all over the specimen. After exposure to 1000 ºC, the matrix of sacrificial concrete without 

GSNSs became amorphous structure, and the micro cracks widened. With the increase of temperature, 

the matrix evolution of sacrificial concrete with GSNSs was similar to that of sacrificial concrete 

without GSNSs, as shown in Fig. 2b. However, the matrix of sacrificial concrete with GSNSs was 

more compact than that of sacrificial concrete without GSNSs at 25 ºC. The microstructure evolution 

of sacrificial concrete without and with GSNSs was similar to that of siliceous sacrificial concrete 

subjected to elevated temperatures [33]. Both cement paste and aggregate in sacrificial concrete were 

affected by high temperature, resulting from pressure build-up due to moistures [35] and carbon 

dioxide release [33], and from thermal stress due to thermal gradient [36] or thermal incompatibility 

[37]. The damaged microstructure led to the deterioration of sacrificial concrete.  

  In addition, ESEM studies indicated that GSNSs had reinforcing and toughing effects on the pore 

structure of sacrificial concrete, as illustrated in Fig. 3. It should be mentioned that the blue square in 

Fig. 3a was enlarged to show details which were shown in Fig. 3b. The cumulate plate-shaped 

products (Fig. 3b) were observed at the place of a pore, which could have reinforcing and toughing 

effects on the pore structure, and thus enhance the microstructure of sacrificial concrete. The energy 

dispersive spectrometer (EDS) analysis was performed on the blue square in Fig. 3b and showed that 

the main elemental compositions of this area were C, O, Ca, S, and Fe with weight percentages of 

45.36%, 32.63%, 11.58%, 5.07%, and 3.16%, respectively. These results revealed that the cumulate 

plate-shaped products formed were due to the added GSNSs, because the sulfonic groups in GSNSs 

might react with hydration products to form covalent bonds, which was similar to poly methyl 

methacrylate in graphene sheets [38]. Consequently, the GSNSs could improve the microstructure of 

sacrificial concrete because of their reinforcing and toughing effects on the pore structure. 

4.2. Porosity 

  The porosity and pore size distribution of sacrificial concrete at ambient temperature (25 ºC) and 

after heating to 200, 400, 600, 800, and 1000 ºC are shown in Fig. 4. 

The porosity of sacrificial concrete increased continually with the increase of temperature, which 

was in good agreement with that of the high-strength concrete exposure to high temperatures [39]. As 

shown in Fig.4a, the porosity increased slowly in the range of 25-400 ºC, while the porosity increased 

rapidly during 400-800 ºC, the result of which was consistent with the increasing cracks in the 
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microstructures (see Fig.2) of sacrificial concrete during the same temperature range. After that, there 

was a slow growth in the porosity of sacrificial concrete between 800 and 1000 ºC. In the whole range 

of 25-1000 ºC, the porosity increasing amplitudes of sacrificial concrete without and with GSNSs 

were 292.83% (SC) and 301.09% (SCG), respectively. The increase in porosity can be attributed to 

the loss of water in capillary pores and hydration products [40], and cracks due to incompatible 

deformation between cement paste and aggregate [37], and the channels left by the molten 

polypropylene fibres (see Fig.2). 

  In addition, the porosity of sacrificial concrete with GSNSs was invariably lower than that of 

sacrificial concrete without GSNSs during 25-1000 ºC, and the porosity of sacrificial concrete 

reduced by 2.00-6.00% due to the incorporation of GSNSs. On one hand, the GSNSs could improve 

the microstructure of sacrificial concrete by their reinforcing and toughing effects on the pore 

structure, which led to the decrease in overall porosity. On the other hand, the thermal gradient [36] 

in sacrificial concrete with GSNSs was lower than that of sacrificial concrete without GSNSs due to 

the addition of GSNSs, as a result of which the thermal damage induced in the former was lower than 

that of the latter. Accordingly, the porosity increasing amplitudes for sacrificial concrete with GSNSs 

were lower than those of sacrificial concrete without GSNSs when sacrificial concrete was subjected 

to elevated temperatures.   

Regarding pore size distribution, there were multiple peaks when the temperature is within the 

range of 25-1000 ºC, and the threshold pore diameter increased with the increase of temperature (see 

Fig.4b, c). For sacrificial concrete without GSNSs (see Fig.4b), most of pore sizes at 25, 400, and 

800 ºC were within two peaks interval (0.008, 0.08), (0.03, 1.68), and (0.13, 32.99), respectively, all 

in μm. A similar trend was observed in sacrificial concrete with GSNSs (see Fig.4c), but to a smaller 

degree, from 0.007-0.07 μm at 25 ºC, to 0.03-1.57 μm at 400 ºC, to 0.12-32.62 μm at 800 ºC. 

These results could explain why the porosity of sacrificial concrete increased slowly in the range of 

25-400 ºC, while the porosity increased sharply between 400 and 800 ºC.  

4.3. Residual compressive strength  

  Fig. 5 illustrates the residual compressive strength and the relative residual compressive of 

sacrificial concrete both at ambient and elevated temperatures. It should be noted that the relative 

compressive strength is defined as the ratio of residual compressive strength at high temperature to 

compressive strength at ambient temperature (25 ºC).  
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  With the increase of temperature, the compressive strength of sacrificial concrete decreased 

monotonically, as shown in Fig.5a, which is in line with that of high performance self-compacting 

concrete [41], ultra-high strength concrete [42], and ferro-siliceous concrete [25] exposed to high 

temperatures. During the whole compressive strength test (25-1000 ºC), no spalling was observed for 

all the specimens of sacrificial concrete, which suggested that the sacrificial concrete remained 

integrated up to 1000 ºC, and could meet the above-mentioned requirements for sacrificial concrete. 

The compressive strength of sacrificial concrete without and with GSNSs was 57.78 MPa (SC) and 

63.64 MPa (SCG) after curing, respectively, both of which were much higher than the required 30 

MPa. The decrease of compressive strength could be explained by the corresponding increasing 

porosity of sacrificial concrete (see Fig.4a). In addition, the compressive strength of sacrificial 

concrete with GSNSs was always higher than that of sacrificial concrete without GSNSs in the range 

of 25-1000 ºC, and the compressive strength of sacrificial concrete increased by 10.14-23.11% due 

to the incorporation of GSNSs. Owing to the reinforcing effects of GSNSs, the compressive strength 

of sacrificial concrete with GSNSs was higher than that of sacrificial concrete without GSNSs at 

ambient temperature. The thermal damage induced in the former was lower than that of the latter at 

elevated temperatures, because the thermal gradient in sacrificial concrete with GSNSs was lower 

than that of sacrificial concrete without GSNSs due to the addition of GSNSs. Therefore, the 

compressive strength decreasing amplitude for sacrificial concrete with GSNSs was lower than that 

of sacrificial concrete without GSNSs during high temperature exposure. Accordingly, the 

compressive strength of sacrificial concrete with GSNSs was always higher than that of sacrificial 

concrete without GSNSs when exposed to temperatures ranging 25-1000 ºC.  

  As illustrated in Fig.5b, the changing trends of relative residual compressive strength of sacrificial 

concrete without and with GSNSs were consistent with those of their residual compressive strength. 

In addition, the relative residual compressive strength of sacrificial concrete with GSNSs was always 

higher than that of sacrificial concrete without GSNSs at each temperature, which gave indirect 

evidence to the finding that thermal damage induced in the former was lower than that of the latter at 

elevated temperatures. The relative residual compressive strength of sacrificial concrete did not 

change significantly at 200 ºC, at which the relative residual compressive strength of sacrificial 

concrete without and with GSNSs was 89.14% (SC) and 90.21% (SCG), respectively. Nevertheless, 

there was a sharp drop in relative residual compressive strength when temperature changed from 400 

to 600 ºC, and the relative residual compressive strength was only 39.68% (SC) and 41.29% (SCG) 
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at 600 ºC. Moreover, it decreased slowly during 800-1000 ºC, but the relative residual compressive 

strength was merely 17.82% (SC) and 19.93% (SCG) at 1000 ºC. Hence, the critical temperature of 

sacrificial concrete was 400-600 ºC, in which its compressive strength decreased dramatically. It 

should be mentioned that the friction effects (between the press platens and the specimen) might result 

in the decrease in residual compressive strength of sacrificial concretes [43]. 

  Furthermore, a comparative study on the residual compressive strength of sacrificial concrete 

during and after exposure to high temperatures was carried out in this work, and the results are shown 

in Fig. 6. The compressive strength of sacrificial concrete without and with GSNSs during high 

temperatures exposure was always lower than that of sacrificial concrete without and with GSNSs 

after exposure to elevated temperatures, respectively, as illustrated in Fig. 6, and the former was 4.23-

8.59% (SC) and 4.02-7.99% (SCG), lower than that of the latter, respectively. These findings 

suggested that the damage induced by high temperature in sacrificial concrete was recovered slightly 

during cooling, and the compressive strength after elevated temperature exposure could not represent 

the actual situation of sacrificial concrete during high temperature exposure. Consequently, the 

compressive strength obtained in the paper could provide a better guidance for strength design of 

sacrificial concrete.  

4.4. Thermal analysis 

  The effects of temperature on thermal decomposition (TGA) and heat absorption/desorption (DSC) 

of sacrificial concrete are presented in Fig. 7.  

  As seen in Fig. 7a, with the increase of temperature, the weight evolution of sacrificial concrete 

without and with GSNSs was similar, because the mix proportions (see Table 4) of them were nearly 

the same. A quick weight loss was observed in the TGA between 25 and 150 ºC, the result of which 

was in accordance with that of self-compacting cement paste subjected to high temperatures [44]. The 

weight loss can be attributed to the loss of evaporable water and part of physically bound water in 

sacrificial concrete. In the range of 105-700 ºC, the mass loss indicated from TGA related to the loss 

of chemically bound water and the dehydration products [45]. There was a significant loss in the 

weight of sacrificial concrete at approximately 700 ºC, which can be explained by the decarbonation 

of calcium carbonate. After that temperature, the curves of TGA changed smoothly. Another quick 

drop in the weight of sacrificial concrete was observed at about 1200 ºC, due to the melting of Portland 

cement. In addition, the weight loss of sacrificial concrete without GSNSs was higher than that of 
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sacrificial concrete with GSNSs in the range of 25-650 ºC, while a contrary tendency was presented 

above 650 ºC. The total weight loss of sacrificial concrete without and with GSNSs up to 1300 ºC 

was 6.02% (SC) and 5.80% (SCG), respectively. 

  Similar to the TGA curves, the DSC patterns of sacrificial concrete without and with GSNSs were 

also close, as shown in Fig.7b, because the hydration products of them were basically the same. The 

dehydration of sacrificial concrete took place at about 100 ºC characterized by loss of evaporable 

water and part of physically bound water, which is accordance with the observation by Bazant and 

Kaplan [45]. In the range of 400-600 ºC, the decomposition of CH occurred, which is consistent with 

the literature [45]. At about 580 ºC, the crystalline of quartz transformed from β to α quartz, which 

is in line with the findings of Chase [34]. The decarbonation of calcium carbonate arose at 

approximately 700 ºC, which is in good agreement with the conclusion that the decomposition of 

calcium carbonate occurs in the range of 600-900 ºC drawn by Bazant and Kaplan [45]. The melting 

of Portland cement was detected at about 1200 ºC in the study, and this is consistent with experimental 

result of reference [34]. It should be emphasized that, in general, the dehydration of hydration 

products was an ongoing process between 100 and 850 ºC. 

4.5. Coefficient of thermal expansion 

  Fig. 8 shows the thermal strain of sacrificial concrete. Along with the increase of temperature, the 

thermal strain of sacrificial concrete was increased continually, as illustrated in Fig.8. Furthermore, 

the thermal strain increased considerably in the range of 25-600 ºC, but the thermal strain increased 

slightly after 600 ºC. Loss of water in hydration products may lead to shrinkage of concrete [46]. 

However, siliceous aggregate containing quartz can cause inner expansive force in concrete at about 

580 ºC, because the transformation of quartz from β  to α  form (see Fig.7b) is associated with 

volumetric expansion. Therefore, the mechanical properties of concrete may degrade under these 

circumstances [40]. This transformation was also observed in the study, and the thermal strain 

increased suddenly between 580 and 600 ºC (see Fig.8) for sacrificial concrete without and with 

GSNSs. The thermal strain of sacrificial concrete without GSNSs was higher than that of sacrificial 

concrete with GSNSs in the range of 25-1000 ºC. This can be explained by the fact that the thermal 

gradient and thermal damage induced by high temperature in the latter were lower than that of the 

former due to the addition of GSNSs. Moreover, the thermal strain of sacrificial concrete without and 

with GSNSs at 600 ºC was about 15.56×10-3 (SC) and 14.76×10-3 (SCG), respectively. 
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  The phase change on the specimen at elevated temperatures can be characterized by its first 

derivation of the thermal strain curve. Fig.9 presents the phase change of sacrificial concrete during 

exposure to high temperatures. The first trough was observed in the figure at approximately 170 ºC, 

since the polypropylene fibres added to sacrificial concrete melt at this temperature. There were two 

obvious peaks in the curves at about 580 ºC, due to the transformation of quartz from β to α, the 

result of which was accordance with DSC experiment (see Fig.7b). The next weak trough occurred at 

around 900 ºC, because free CH turns into CaO. 

  Based on Eq. (3), the CTE of sacrificial concrete could be obtained, the results of which are shown 

in Fig.10. The CTE evolution of sacrificial concrete without and with GSNSs was close, which was 

in consistent with the results of their thermal strain (see Fig.8). In the range of 25-150 ºC, a rapid 

increase in the CTE of sacrificial concrete was observed, but it slightly dropped between 150 and 200 

ºC due to the evaporation of internal free water in C-S-H gel [47]. After that, the CTE increased 

continually and then decreased, and the CTE reached the maximum at approximately 600 ºC. In the 

range of 250-500 ºC, the decomposition of C-S-H gel led to an increase of CTE. With the increase of 

temperature, the water evaporated from sacrificial concrete, which resulted in the shrinkage of matrix. 

Accordingly, the CTE of sacrificial concrete decreased. However, the CTE of sacrificial concretes 

increased significantly between 550 and 600 ºC because of the transformation of quartz at about 580 

ºC (see Figs.7b and 9). After 600 ºC, the CTE of sacrificial concrete without and with GSNSs reduced 

gradually. The CTE of sacrificial concrete was about between 1.00×10-5 and 2.75×10-5 1/ºC, the 

result of which higher to that of self-consolidating concrete subjected to high temperatures [47]. 

  In addition, the CTE of sacrificial concrete with GSNSs was always lower than that of sacrificial 

concrete without GSNSs after 600 ºC, which revealed that the CTE of sacrificial concrete could be 

reduced by adding of GSNSs. This was because the thermal gradient and thermal damage of sacrificial 

concrete could be mitigated due to the high thermal conductivity of graphene and its derivatives [14]. 

The CTE of sacrificial concrete did not decline suddenly at high temperatures, which is different from 

that of self-consolidating concrete (as indicated in [47]). These findings indicated that the integrity of 

sacrificial concrete subjected to elevated temperature was higher than that of self-consolidating 

concrete. Furthermore, the high temperature integrity of sacrificial concrete with GSNSs was higher 

than that of sacrificial concrete without GSNSs above 600 ºC. Therefore, the high temperature 

integrity of sacrificial concrete could be improved because of the addition of GSNSs. 
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4.6. Density 

  According to the results of TGA and CTE, the mass loss ratio and volumetric CTE of sacrificial 

concrete can be calculated, which are presented in Table 5. Based on Eq. (6), the density of sacrificial 

concrete at elevated temperatures can be calculated precisely by taking its mass loss and volume 

change into account. The density evolution of sacrificial concrete is illustrated in Fig.11. 

As shown in Fig.11, the density evolution of sacrificial concrete without and with GSNSs was very 

close, which was similar to their weight evolution (see Fig.7a). In the range of 25-200 ºC, the decrease 

of density was significant that corresponds to nearly half of the total density loss. The density declined 

monotonically between 400 and 600 ºC, but less than that of during 25-200 ºC, and the density 

decreased slowly in the range of 800-1000 ºC. The density evolution of sacrificial concrete without 

and with GSNSs is highly related with the weight loss of them (see Fig.7a), the result of which is 

similar to that of lightweight concrete subjected to high temperatures [48], although its volume 

variation due to high temperature has not been taken into account in that study. In addition, the density 

of sacrificial concrete without and with GSNSs was important input data for the calculation of the 

thermal diffusivity. 

4.7. Thermal diffusivity 

  The thermal conductivity and the specific heat of sacrificial concrete both at ambient and high 

temperatures were determined simultaneously by the laser thermal constant analyzer, the results of 

which are presented in Table 6. Furthermore, the density of sacrificial concrete at ambient and each 

target temperature could be obtained from Fig.11. According to these results, the thermal diffusivity 

of sacrificial concrete can be calculated via Eq. (4). The thermal diffusivity of sacrificial concrete 

before and during elevated temperatures exposure is also shown in Table 6, and is presented in detail 

in Fig.12. 

With the increase of temperature, the thermal diffusivity of sacrificial concrete first decreased and 

then increased, and reached the minimum at 600 ºC, as illustrated in Fig.12. The changing trend of 

thermal diffusivity obtained in the range of 25-600 ºC is consistent with that of previous study [33], 

although the maximum measuring temperature is 600 ºC in that study. In general, the thermal 

diffusivity of sacrificial concrete ranged from 0.47 to 1.80 mm2/s between 25 and 1000 ºC. In addition, 

the thermal diffusivity of sacrificial concrete with GSNSs was always higher than that of sacrificial 

concrete without GSNSs in the range of 25-1000 ºC, and the thermal diffusivity of sacrificial concrete 
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could increase by 6.51-27.66% due to the addition of GSNSs. Consequently, the thermal diffusivity 

of sacrificial concrete was improved by the incorporation of GSNSs. Furthermore, the higher thermal 

diffusivity of sacrificial concrete contributed to the decrease in its thermal gradient, and then can 

further reduce its thermal damage induced at high temperatures. That was why the residual 

compressive strength of sacrificial concrete with GSNSs was higher than that of sacrificial concrete 

without GSNSs in the whole range of 25-1000 ºC (see Fig.5a). 

  The decrease in thermal diffusivity in the range of 25-600 ºC is due to the evaporation of water, the 

decomposition of hydration productions, and the thermal cracks induced by high temperatures, which 

have been extensively addressed by other researchers [33, 45, 49]. However, the microstructure (see 

Fig. 2) of sacrificial concrete was further deteriorated, and the porosity (see Fig.4a) and damage 

induced were further increased after 600 ºC, which eventually led to the increase of thermal 

conductivity and specific heat, and the decrease of density. However, the increasing amplitude of 

thermal conductivity was higher than that of specific heat (see Table 6). Hence, the thermal diffusivity 

of sacrificial concrete tended to increase between 600 and 1000 ºC. 

4.8. Ablation behaviour 

  According to high temperature experiment by the electrically furnace, the decomposition 

temperature of sacrificial concrete was approximately 1160 ºC. The enthalpy of sacrificial concrete 

can be obtained from DSC analysis (see Fig. 7b), and is presented in Fig.13. 

As shown in Fig.13, the enthalpy of sacrificial concrete increased gradually before a sharp rise. 

The enthalpy of sacrificial concrete without GSNSs was higher than that of sacrificial concrete with 

GSNSs between 25 and 750 ºC, while a contrary tendency was observed after 750 ºC. The 

decomposition enthalpy of sacrificial concrete without and with GSNSs was 570.06 kJ/kg (SC) and 

612.69 kJ/kg (SCG), respectively, and the latter was 7.48% higher than that of the former. As shown 

in Eq. (7), the ablation velocity is directly proportional to the heat flux, but inversely proportional to 

the density, ablating area, and decomposition enthalpy. The ablation velocity of sacrificial concrete 

with GSNSs was lower than that of sacrificial concrete without GSNSs on the condition of identical 

heat flux and ablating area, because the density (see Fig. 11) and decomposition enthalpy (see Fig.13) 

of the former were always higher than those of the latter. According to the Eq. (7), the ablation 

velocity of sacrificial concrete reduced by 6.96% due to the incorporation of GSNSs. Therefore, the 

melt-through time of basemat should be extended, and then the safety of nuclear power plant could 
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be improved in severe nuclear accident. That is, the safety of nuclear power plant could be enhanced 

by adding of GSNSs to sacrificial concrete.  

  In summary, compared to the sacrificial concrete without GSNSs, the sacrificial concrete with 

GSNSs was shown to have more compact matrix, lower porosity, higher residual compressive 

strength, similar thermal strain and CTE, higher thermal diffusivity and decomposition enthalpy, and 

lower ablation velocity. The addition of GSNSs to sacrificial concrete could improve its many 

properties, and enhance the security of nuclear power plant in severe nuclear accident. 

5. Conclusions 

  In the paper, the effects of GSNSs on physical, mechanical, and thermal properties of sacrificial 

concrete are evaluated, and a new experimental facility for compressive strength measurement of 

sacrificial concrete at high temperature is presented. The main conclusions are drawn as follows, 

1) The GSNSs can improve the microstructure of sacrificial concrete by their reinforcing and 

toughing effects on the pore structure. 

2) The porosity of sacrificial concrete increases continually with the increase of temperature. The 

porosity of sacrificial concrete with GSNSs is invariably lower than that of sacrificial concrete 

without GSNSs during 25-1000 ºC, and the porosity of sacrificial concrete can reduce by 2.00-

6.00% due to the incorporation of GSNSs. In the whole range of 25-1000 ºC, the porosity 

increasing amplitudes of sacrificial concrete without and with GSNSs are 292.83% and 301.09%, 

respectively. 

3) With the increase of temperature, the compressive strength of sacrificial concrete decreases 

monotonically. The compressive strength of sacrificial concrete with GSNSs is always higher 

than that of sacrificial concrete without GSNSs in the range of 25-1000 ºC, and the compressive 

strength of sacrificial concrete can increase by 10.14-23.11% due to the addition of GSNSs. 

4) The compressive strength of sacrificial concrete without and with GSNSs during high 

temperatures exposure is always lower than that of sacrificial concrete without and with GSNSs 

after exposure to elevated temperatures, respectively, and the former is 4.23-8.59% and 4.02-

7.99%, lower than that of the latter, respectively. 

5) With the increase of temperature, the weight evolution of sacrificial concrete without and with 

GSNSs is similar, and the weight loss of sacrificial concrete without GSNSs is higher than that 
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of sacrificial concrete with GSNSs in the range of 25-650 ºC, while a contrary tendency is 

presented above 650 ºC. The total weight loss of sacrificial concrete without and with GSNSs up 

to 1300 ºC is 6.02% and 5.80%, respectively. 

6) Along with the increase of temperature, the thermal strain of sacrificial concrete is increased 

continually. And the thermal strain increases considerably in the range of 25-600 ºC, but the 

thermal strain increases slightly after 600 ºC. The thermal strain of sacrificial concrete without 

and with GSNSs at 600 ºC is about 15.56×10-3 and 14.76×10-3, respectively. 

7) The CTE evolution of sacrificial concrete without and with GSNSs is close, which is in line with 

the results of their thermal strain. The CTE of sacrificial concrete is about between 1.00×10-5 

and 2.75×10-5 1/ºC. The CTE of sacrificial concrete with GSNSs is always lower than that of 

sacrificial concrete without GSNSs after 600 ºC, which reveals that the CTE of sacrificial 

concrete can be reduced by adding of GSNSs. 

8) The high temperature integrity of sacrificial concrete with GSNSs is higher than that of sacrificial 

concrete without GSNSs above 600 ºC. The high temperature integrity of sacrificial concrete can 

be improved due to the addition of GSNSs. 

9) With the increase of temperature, the thermal diffusivity of sacrificial concrete first decreases 

and then increases, and reaches the minimum at 600 ºC. In general, the thermal diffusivity of 

sacrificial concrete ranges from 0.47 to 1.80 mm2/s between 25 and 1000 ºC. The thermal 

diffusivity of sacrificial concrete with GSNSs is always higher than that of sacrificial concrete 

without GSNSs in the range of 25-1000 ºC, and the thermal diffusivity of sacrificial concrete can 

increase by 6.51-27.66% due to the addition of GSNSs. The thermal diffusivity of sacrificial 

concrete can be improved by the incorporation of GSNSs. 

10) The decomposition enthalpy of sacrificial concrete without and with GSNSs is 570.06 and 612.69 

kJ/kg, respectively, and the latter is 7.48% higher than that of the former, and thus the ablation 

velocity of the latter is lower than that of the former on the condition of identical heat flux and 

ablating area. The ablation velocity of sacrificial concrete can reduce by 6.96% due to the 

incorporation of GSNSs, and then the safety of nuclear power plant can be improved in severe 

nuclear accident. 
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Table 1 Chemical composition and physical properties of cement and supplementary cementitious 

materials  

Materials  Cement Silica fume  Fly ash 

Chemical composition  (wt%) 

CaO 64.70 0.77 8.38 

SiO2 20.40 96.18 47.96 

Al2O3 4.70 0.96 30.46 

Fe2O3 3.38 0.85 5.91 

MgO 0.87 0.74 2.60 

SO3 1.88 0.50 1.32 

K2O 0.83  1.61 

Na2O   1.76 

Loss 3.24   

Physical properties    

Specific gravity 3.15 2.22  

Specific surface (m2/kg) 362.20 2.79×104  

 

 

 

 

 

Table 2 Sieve analysis of silica sand (wt%) 

Particle size (mm) 0-0.15 0.15-0.30 0.30-0.63 0.63-2.36 2.36-4.75 4.75-8.00 

Silica sand 6.30 7.60 13.50 14.60 11.50 46.50 
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Table 3 Physical and mechanical properties of polypropylene fibre 

Technical specification Polypropylene fibre 

Purity (%) 100 

Length (mm) 12 

Diameter (μm) 18 

Density (kg/m3) 910 

Melting temperature (oC) 169 

Burning temperature (oC) 590 

Young’s modulus (MPa) >3500 

Tensile strength (MPa) 386 

Elongation at yield (%) 16 

 

Table 4 Mix proportions and fresh property of sacrificial concrete (kg/m3) 

Mixture SC SCG 

Cement  331 331 

Fly ash  182 182 

Silica fume  20.0 20.0 

Silica sand (0-5 mm)  935 935 

Silica sand (5-8 mm)  735 735 

Water  150 150 

Superplasticizer  7.80 7.80 

Polypropylene fibres  1.20 1.20 

GSNSs 0 0.533 

Slump flow (cm) 59 56 
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Table 5 Mass loss ratio and volumetric coefficient of thermal expansion of sacrificial concrete 

 Mass loss ratio (×10-2) Volumetric CTE (×10-5) 

Temperature (ºC)  SC SCG SC SCG 

25 0 0 0 0 

200 1.47 1.88 3.98 4.15 

400 2.15 2.60 5.55 5.41 

600 3.30 3.46 8.19 7.80 

800 5.01 4.62 6.23 5.93 

1000 5.17 4.86 5.08 4.75 

 

 

 

 

 

Table 6 Thermal parameters of sacrificial concrete before and during exposure to high temperatures 

Thermal 

parameters 

Thermal conductivity 

[W/(m·K)] 

Specific heat 

[J/(g·K)] 

Thermal diffusivity 

(mm2/s) 

Temperature (ºC)  SC SCG SC SCG SC SCG 

25 2.15 2.85 0.55 0.68 1.69 1.80 

200 1.73 2.27 0.70 0.84 1.08 1.18 

400 1.67 1.99 0.83 0.91 0.89 0.97 

600 1.16 1.75 1.10 1.30 0.47 0.60 

800 1.55 2.06 1.20 1.48 0.59 0.63 

1000 1.76 2.46 1.43 1.61 0.56 0.69 
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Fig.1. The new test setup for the compressive strength measurement during high temperature 

exposure 
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(a) 

   

   

(b) 

Fig.2. ESEM micrographs of specimens before and after exposure to high temperatures: (a) 

sacrificial concrete without GSNSs (SC) and (b) sacrificial concrete with GSNSs (SCG) 
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(a) 

 

(b) 

Fig.3. ESEM micrograph at a pore: (a) sacrificial concrete with GSNSs (SCG) and (b) reinforcing 

and toughing effects on the pore structure induced by GSNSs 
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(c) 

Fig.4. The porosity (a) and pore size distribution (b), and (c) of sacrificial concrete at ambient 
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temperature (25 ºC) and after exposure to 200, 400, 600, 800, and 1000 ºC 
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(b) 

Fig.5. The strength of sacrificial concrete before and during exposure to high temperatures: (a) 

residual compressive strength and (b) relative residual compressive strength (compared to strength 

at 25 ºC) 
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Fig.6. The compressive strength of sacrificial concrete during and after exposure to high 

temperatures 
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(b) 

Fig.7. Thermal analysis of sacrificial concrete: (a) TGA curves and (b) DSC spectrums 
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Fig.8. The thermal strain of sacrificial concrete without and with GSNSs 
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Fig.9. The first derivation of the thermal strain of sacrificial concrete 
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Fig.10. The CTE of sacrificial concrete without and with GSNSs 
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Fig.11. The density evolution of sacrificial concrete 
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Fig.12. The thermal diffusivity of sacrificial concrete at ambient temperature (25 ºC) and during 

exposure to high temperatures 
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Fig.13. The enthalpy and decomposition enthalpy (at 1160 ºC) of sacrificial concrete 


