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Abstract: This paper studies the macro compressive strength, morphological changes and microstructure of 2 

ultra-high performance concrete (UHPC) with coarse aggregates (CA-UHPC) when they are either exposed to 3 

high temperature (hot state) or after exposing to high temperature and cooling to room temperature (cold state). 4 

CA-UHPC specimens with a range of coarse aggregates ratios and subjected to temperatures up to 900 °C are 5 

tested and evaluated. The compressive test results show that adding coarse aggregates (volume content ≤30%) 6 

can improve compressive strength of CA-UHPC at both room and high temperature. From the test results, 7 

strength reduction coefficients of the CA-UHPC of the hot and cold states are proposed, respectively. The paper 8 

also presents the results on the micro scale analyses of mass loss, structure morphology, phase transformation 9 

and pore evolution of the CA-UHPC after exposed to high temperature, from which the temperature correlations 10 

between the evolution of the microstructure of the material, the change of macroscopic strength, and the 11 

deterioration mechanism of the materials are discussed. 12 
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1 Introduction 17 

Concrete is a widely used building material. It is estimated that the demand for concrete will increase to 18 18 

billion tons by 2050.[1] Compared with traditional concrete, ultra-high performance concrete has more excellent 19 

mechanical properties and durability.[2-6]. UHPC usually has a low water-binder ratio (0.16-0.2) and is made of 20 

high efficiency water reducer agent, a certain amount of cement and refined silica fume, high-strength and high-21 

durable aggregates and steel fibers.[7] Finer reactive powder and extremely low water binder ratio reduces 22 

shrinkage and initial defects, which improves the corrosion resistance and permeability of UHPC. Steel fibers 23 

and coarse aggregates improves, respectively, ductility and shrinkage resistance [8] and reduces project cost[9, 10]. 24 

Therefore, less materials can be used to achieve better results and reduce maintenance cost and carbon emission. 25 

CA-UHPC can be used not only in load-bearing and decorative structure of buildings in civil engineering, but 26 

also as high wear-resistant mold in mechanical engineering[11]. As CA-UHPC has been increasingly used world 27 

widely[12-14], and in a range of engineering sectors, fire performance of the material is one of the areas that require 28 

immediate attention, as high temperature may cause irreversible physicochemical changes and degradation of 29 

mechanical properties of the material and fire failure of building structure[15-17], resulting in irreparable losses. 30 

There have been many researches on the post-fire mechanical properties of normal cement-based materials. 31 

These researches mainly focused on the residual mechanical properties of the materials, parametric sensitivity 32 

analysis and predictive formulas for the post fire mechanical properties.[18-21] Varona et al.[22] studied the residual 33 

compressive, tensile, flexural strength and the elastic modulus of fiber reinforced ordinary and high-strength 34 

concrete after high temperature, and presented design formulas of compressive and flexural strength. Tai et al.[23] 35 

compared the color change and appearance characteristics of reactive powder concrete (RPC) from the room 36 

temperature to 800 °C, and developed a regression equation between residual compressive strength and 37 

temperature. Zheng et al.[24-27] tested the residual compressive strength, flexural strength and tensile strength of 38 



RPC after high temperature and the influence of steel fiber content, and established a relation between residual 1 

strength and heating temperature. Hou et al.[28-30] summarized the high-temperature mechanical properties of 2 

RPC, and compared the strength change of cubic RPC at high temperature and after cooling. Sanchayan et al.[31] 3 

conducted tests on the residual compressive strength, elastic modulus and ultrasonic wave velocity of hybrid 4 

fiber reinforced RPC after high temperature, and found the residual strength steadily increased up to 300 °C, 5 

then decreased sharply. 6 

To the authors’ best knowledge, research on properties of CA-UHPC materials under high temperature or 7 

fire, such as high-temperature macro and micro mechanical properties and fire response, etc., are still limited. 8 

Siemon et al.[32] studied the compressive strength of CA-UHPC under high temperatures from 20 °C to 800 °C. 9 

Banerji and Kodur[33] studied the hot-state mechanical properties of CA-UHPC at temperatures ranging from 10 

20 °C to 750 °C. The above research objects are all UHPC with a coarse aggregate content, which did not show 11 

the effect of coarse aggregate content on the macro mechanical properties, nor could reveal the role of coarse 12 

aggregates on the micro degradation mechanism of CA-UHPC. In addition, many other factors affecting the 13 

mechanical properties of CA-UHPC at high temperature have been studied, mainly including, e.g., fibers, 14 

reactive powder, water, admixture, temperature history and maximum temperature, etc., which are closely 15 

associated with the macroscopic mechanical properties and microstructure of the materials. Ahmad et al.[34] 16 

studied the effects of exposure time and steel fiber content of UHPC on the mechanical properties at 300 °C. 17 

The results showed that a 5 hours exposure to 300 °C increased the compressive strength and toughness modulus, 18 

but decreased the elastic modulus and flexural strength. The relationship between mechanical properties, steel 19 

fiber content and exposure time was established. Banerji and Kodur[33] evaluated the influence of temperature 20 

on the mechanical properties of UHPC, and found that compared to conventional concrete, the compressive 21 

strength and elastic modulus of UHPC decreased more quickly than the tensile strength and ductility did. Finally, 22 

the relationship between the mechanical properties of UHPC and temperature was also formulated. 23 

In order to study the macro mechanical properties of UHPC at high temperature, microstructural analyses 24 

are usually carried out with the help of mesoscale tests.[35-38] Kim et al [36] observed the change of pore structure 25 

and cracks of cement paste caused by fire. The initial crack at 600 °C most commonly originated at the edge, 26 

and network cracks started to form at 900 °C. Lee et al. [37] studied the microstructure and chemical changes 27 

such as weight, phase and pore of calcium aluminate cement (CAC) -based UHPC after high temperatures, and 28 

concluded that CAC can improve the pore constructure and high temperature resistance, which reduced the 29 

strength loss of CAC-based UHPC after high temperature. Seo et al [38] investigated the evolution of 30 

microstructure and the mechanical properties of fly ash at high temperature, shown that the pore structure of the 31 

samples with high aerogel content hardly changed at high temperature and was similar to the pore structure at 32 

room temperature. Canbaz[39] carried out a meso scale study and found that the strength of RPC with different 33 

fiber ratios increased first and decreased at 400 °C. Using SEM, Hussein et al[40, 41] found a number of cracks 34 

that were caused by thermal expansion and melting of the polypropylene fibers in the RPC after exposure to 35 

elevated temperatures. Baharuddin et al[42] also concluded that the internal mechanism of fire-damaged concrete 36 

was closely related to the range of high temperature. 37 

Evidently, a better understanding of the mechanical properties of CA-UHPC under and after high 38 

temperature is crucial for a reliable pre-fire prevention design and also an effective post-fire structural 39 

assessment, repair and retrofitting. Therefore, this investigation aims to study the compressive mechanical 40 

properties of four CA-UHPC (with 0, 10%, 20% and 30% of coarse aggregates, respectively) during the course 41 

of heating and after heating. The effects of temperature, coarse aggregate content, sample shape and other factors 42 

on the material properties are systematically investigated. Thermogravimetric analysis (TGA), morphology 43 

analysis, element and phase analysis and pore analysis are used to study property degradation of the materials 44 

under high-temperature, their strength reduction under and after heating and the relationship between macro 45 

strength and microstructure. 46 

 47 



2 Experimental program 1 

2.1 Raw materials and mix proportion 2 

The reactive powder is made of Portland cement, silica fume and fly ash, the chemical compositions of 3 

which, as shown in Table 1, are identified by using an X-ray fluorescence spectrometer. The grade of the Portland 4 

cement is 52.5. The average particle size and the specific surface area of silica fume is 0.2 μm and 15000~25000 5 

m2/kg, respectively, which can reduce the porosity of the CA-UHPC. The Grade Ⅰfly ash is gray white in colour 6 

with a fineness of 9%, which can improve the workability of the CA-UHPC mixture. The fine aggregates are 7 

quartz sand of 40~70 mesh. The used quartz sand is tested with bulk density of 1.75 t/m3 and more than 98% 8 

silicon dioxide. Since basalt concrete is superior to other silica concrete, artificial basalt is used as the coarse 9 

aggregates.[43] The basalt surface is rough and the particle size is 5 mm to 10 mm. The particle size distributions 10 

of various raw materials are shown in Fig.1. The length and diameter ratio of the straight copper-plated 11 

microfilament steel fiber is about 60, as shown in Table 2. The fibers are to resist early-age self-shrinkage, 12 

restrain crack propagation at high temperature and improve strength of the CA-UHPC. The high thermal 13 

conductivity of the steel fibers also helps to balance the temperature gradient inside the material at high 14 

temperature, thereby improving the burst resistance of the CA-UHPC[44]. The liquid polycarboxylic high-15 

performance water reducer can reach a reduce rate of 37%. UHPC is designed based on densified particle packing. 16 

The water binder ratio of all the mix proportions is 0.16, the sand is 1.37 times the cementitious materials in 17 

weight, and the volume content of steel fibers is fixed at 2%. According to the existing research and a large 18 

number of repeated tests, coarse aggregates with a volume fraction not exceeding 30% increased the compressive 19 

strength of CA-UHPC, while coarse aggregates with a volume fraction exceeding 30% reduced the compressive 20 

strength. [6, 45-48] Therefore, the volume fraction of coarse aggregates of CA-UHPC is designed to be 0, 10%, 20% 21 

and 30%, respectively. Coarse aggregates are added by replacing the same volume of UHPC. Table 3 shows the 22 

detailed specifications of the mixtures. The first column listed in Table 3 is the sample number, and A20 is a 23 

sample with 20% volume fraction of coarse aggregates, as also shown in the parentheses of the ninth column. 24 

The last two columns list the ambient cubic and prismatic compressive strength (fcu and fc) of the samples, 25 

respectively. The minimum compressive strength specified is not less than 120 MPa.[49-54] The mechanical 26 

property tests show that the minimum compressive strength of CA-UHPC cube is 121.9 MPa, which agrees well 27 

with GB/T 31387-2015 and T/CECS 10107-2020.[51, 52] 28 

Table 1 Composition of reactive powder29 

Ingredient (%) CaO SiO2 Al2O3 Fe2O3 K2O MgO Na2O SO3 P2O5 MnO ZnO SrO 

Portland cement 64.94 19.58 4.5 3.119 0.75 2.64 0.079 2.14 0.128 0.127 0.024 0.148 

Silica fume 0.213 92.87 0.354 0.113 0.332 0.224 0.068 1.26 0.11 0.008 0.019 0.005 

Fly ash 2.44 48.74 30.63 2.611 1.25 0.575 0.552 0.706 0.247 0.016 0.013 0.06 

Table 2 Property of steel fibers30 

Diameter(μm) Length(mm) Aspect ratio 
Tensile strength 

(MPa) 
Elastic modulus (GPa) Density(kg/m3) 

200 12 60 3000 200 7850 

Table 3 Mixing proportion of CA-UHPC (kg/m3)31 

Mixture  

ID 
Cement Silica fume Fly ash Water Water reducer Quartz sand Steel fibers Coarse aggregates fcu (MPa) fc (MPa) 

A0 703.6 131.9 44.0 140.7 26.4 1205.0 158.3 0.0 (0) 121.9 102 

A10 630.1 118.1 39.4 126.0 23.6 1079.0 141.8 252.0 (10%) 130.6 107.9 

A20 557.2 104.5 34.8 111.4 20.9 954.2 125.4 501.5 (20%) 143.3 111.3 

A30 485.6 91.1 30.4 97.1 18.2 831.7 109.3 746.7 (30%) 157.1 119.8 

 32 



 
Fig. 1 Particle size distributions of raw materials[48] 1 
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2.2 Material and sample preparation 3 

The coarse and fine aggregates were mixed evenly first before adding the reactive powder. Diluted water 4 

reducer was added twice to make sure that the aggregates were evenly coated with the cement slurry. Finally, 5 

steel fibers were added through a sieve to avoid agglomeration (Fig.2(a)), according to GB/T 31387-2015.[51] 6 

Slump tests were carried out to measure the consistency of the mixture and the measurements of the fresh CA-7 

UHPC were between 220 mm to 320 mm (Fig.2 (b) and (c)).[55] To prepare the specimens for testing, the CA-8 

UHPC mixture was poured into the mold that was coated with oily release agent, and covered with film. The 9 

hardened CA-UHPC were demolded after 24 hours and then submerged in water for 60 days before they were 10 

taken out and placed in a dry and ventilated environment (Fig.2 (d)). The manufacturing process of the samples 11 

is shown in Fig.2. 12 

 13 

Fig. 2 Manufacturing process of samples 14 

 15 

2.3 Experimental Tests  16 

2.3.1 Heating process 17 

Considering the thermal resistance of the CA-UHPC, the real-time furnace temperature does not necessarily 18 

represent the center temperature of the sample.[4, 56, 57] Therefore, the time required for the sample to reach the 19 

required temperature is evaluated. After the furnace temperature has reached 100 °C, 500 °C and 900 °C, 20 
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respectively, and kept constant for 1 h ~ 5 h, the measured center temperature of the sample is shown in Table 4. 1 

It can be seen that a shorter time is required to reach a higher target temperature as the temperature gradient is 2 

higher. In order to reduce burst of the CA-UHPC in the explosive temperature range (200 °C ~ 400 °C), a low 3 

heating rate (1 °C / min) is followed and extra one hour of constant temperature at 200 °C, 300 °C and 400 °C 4 

is maintained. At the same time, considering the time cost of the test, the duration of heating is set to 3 h and 1 5 

h, respectively, for temperatures below and above 500 °C, as shown in Fig.3. After that, the sample is naturally 6 

cooled to room temperature in the furnace. 7 

Table 4 Temperature and duration of heating8 

Temperature 1 h 2 h 3 h 4 h 5 h 

100 °C 71 °C 83 °C 88 °C 90 °C 91 °C 

500 °C 480 °C 495 °C 495 °C 495 °C 495 °C 

900 °C 882 °C 891 °C 891 °C 891 °C 891 °C 

 9 

  
(a) 100 °C and 200 °C (b) 300 °C 

  
(c) 400 °C (d) 500 °C ~ 900 °C 

Fig. 3 Heating mode of the furnace 10 

 11 

2.3.2 Compressive strength test 12 

Three cubic samples of 100 mm and three prismatic samples of 100 mm×100 mm×300 mm were tested for 13 

compressive strength. The post-heating strength of the cubes were measured after they had reached their 14 

respective target temperature and cooled down to room temperature. The ten target temperatures include room 15 

temperature and the temperature from 100 °C to 900 °C of 100 °C interval. The post-heating strength of the 16 

prismatic samples and the strength of all the samples under heating were measured at room temperature and the 17 

temperatures from 100 °C to 900 °C of 200 °C interval. In total, 336 samples, as shown in Table 5, were 18 

manufactured and tested, where C, P, F and U in the ID column denote, respectively, cube, prism, after heating 19 

and under heating. For the strength tests under heating, the sample first was fixed in the middle of the press and 20 

electric furnace, heated to the target temperature, and then loaded until it was failure. The sample remained in 21 

the target temperature from loading to failure. The test instruments are shown in Fig.4. 22 

Table 5 Sample design for compressive strength test23 

Type of test ID Size/mm 
Number of mixture 

(Table 3) 

Number of 

temperature level 

Repeated  

number 

Number of 

sample 

0 100 200 300
0

100

200

300

T
(℃

)

t (min)

 100℃  200℃

5 °C/min

3 h

3 h

0 100 200 300 400 500
0

100
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T
(℃

)

t (min)

 300℃

5 °C/min

1 °C/min
1 h

3 h
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T
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)

t (min)

 400℃
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1 °C/min1 h

3 h
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Post-heating 

strength 

CF 100×100×100 4 10 3 120 

PF 100×100×300 4 6 3 72 

Strength under 

heating 

CU 100×100×100 4 6 3 72 

PU 100×100×300 4 6 3 72 
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Fig. 4 Test instruments used for strength tests 2 
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2.3.3 Microscopy test 4 

Microscopic examination of the CA-UHPC were carried out to study the change of macrostructures before 5 

and after heating, including the changes of mass, micro morphology, phase and pore after being heated with 6 

different temperatures. Randomly selected material samples were examined by SEM, energy dispersive 7 

spectroscopy (EDS) and mercury intrusion porosimetry (MIP). Mortar was ground for TGA and X-ray 8 

diffraction analysis (XRD). Samples were also taken from the prisms for X-ray computed tomography (X-CT). 9 

 10 

3 Compressive strength at high temperature 11 

3.1 Visual observation and failure mode 12 

3.1.1 Visual observation 13 

Table 6 Morphological changes and physicochemical process of CA-UHPC after high temperature 14 

T(≤) Sample 
Color and knocking 

sound 
Surface appearance Physicochemical reaction 

20 °C ~300°C 

 

Dark gray ~ grey; 

clear and loud 

Smooth surface with small 

diameter and quantity pores, 

dense structure. 

Loss of free water, rehydration, 

partial loss of bound water of 

CSH. 

400°C ~500°C 

 

Paler gray; 

 a little dull 

Relatively smooth surface 

with coarse pores,  

relatively dense structure. 

Loss of all physically bond 

water，decomposition of CSH. 

600°C ~700°C 

 

Yellowish-white; 

 dull 

Roughened surface with large 

diameter pores, 

some loose structure. 

The peak of CH decomposition 

rate, transformation of quartz. 

800°C ~900°C 

 

Pink; 

 dull and low 

Rougher surface, larger 

diameter pores, fine cracks 

and crisp corners, 

more loose structure. 

Decarbonation of calcium 

carbonate, loss of all chemically 

bund water. 

Note: CH and CSH refer to the abbreviation of calcium hydroxide and hydrated calcium silicate, respectively. 15 

 16 

The color change of the CA-UHPC after high temperature is related to the maximum temperature exposed 17 

and the change of mechanical properties.[44, 58, 59] The reactive powder, aggregates and steel fibers in the concrete 18 

cause permanent color change (Table 6). The color series is roughly summarized as follows: the color of the CA-19 

UHPC at room temperature is dark gray (Fig.2), gray at about 300 °C, paler gray at 400 °C ~ 500 °C, yellowish 20 
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white at 600 °C ~ 700 °C, and pink at 800 °C~900°C. 1 

The surface of the sample heated lower than 300°C has numerous small pores, clear and loud knocking 2 

sound and no visible cracks,[7, 60] which means a dense internal structure. Loss of free water and bond water in 3 

CSH, and rehydration under steam pressure occur at this stage. With further heating, the pores are coarsened 4 

with increased diameter, and a light-colored covering is formed on the surface of the CA-UHPC, which is the 5 

CaO formed from the decomposition of CSH. At 400 °C, CA-UHPC loses all physically bound water and free 6 

water. At 535 °C, the decomposition rate of CH reaches the maximum, and the quartz changes from α to β at 7 

573 °C.[61] At 650 °C, calcium carbonate (CaCO3) begins decarburization, and then the decomposition of CSH 8 

in CA-UHPC reaches another peak[62]; Exceeding 800 °C, all chemically bound water is lost. When the sample 9 

was taken out of the electric furnace after 900 °C, a brittle sound was heard and fine lines along the steel fiber 10 

contour can be seen on the surface of the sample. The cracks at the corners are enlarged and tend to be crisp. The 11 

cement slurry falls off at the corners of the sample, but the integrity is maintained. The knocking sound turns to 12 

dull and low, reflecting the increase of pores and cracks inside the cube. 13 

3.1.2 Failure characteristics under compression 14 

Item 
After heating Under heating 

CFA0 CFA10 CFA20 CFA30 CUA0 CUA10 CUA20 CUA30 

20°C 

        

100°C 

        

300°C 

        

500°C 

        

700°C 

        

900°C 

        

Fig. 5 Compressive failure of samples after and under high temperature 15 

The samples were cooled to room temperature for uniaxial compression test. In the early stage of 16 

compression, there were no obvious changes in appearance and sounds. When the load was close to the peak 17 

load, sound from steel fibers pulling out was heard. Micro-crack propagated quickly before the final failure. 18 

Typical failure modes are shown in Fig. 5. It was found that higher temperature increased the depth of spalling. 19 

The failure at a temperature below 500 °C was brittle, evidenced by sudden break and a loud bang. 20 

In general, for the CA-UHPC after and under heating, more coarse aggregate leads to more cracks, and the 21 

concrete is more likely to explode. From 300 °C~700 °C, the A30 sample failed with burst fragments of 5mm ~ 22 

100mm long, and, in some cases, bursting of the entire finishing (top) surface of the concrete block occurred. 23 

For the samples heated up to a temperature below 700 °C, a close inspection showed dense steel fibers across 24 

cracks, i.e. cracks bridging between the opposing fracture surfaces. When a sample was heated above 700 °C, 25 

the steel fibers became black due to carbonization, and lost the inhibition effect on the cracks. It was also 26 

observed that the failed samples showed little change in shape if they were heated up to temperature below 27 

900 °C. Volume distortion of the samples were obvious when the temperature reached 900 °C, partly due to the 28 



plastic deformation caused by high temperature. 1 

3.2 Studies on compressive strength 2 

3.2.1 Effect of coarse aggregates on the compressive strength under and after high temperature 3 

Three repeated tests were conducted on the samples with the same mixture for the same target temperature, 4 

from which the average of the tests was taken. In order to facilitate comparison, the normalized compressive 5 

strength, which is defined as the ratio of the compressive strength at temperature T (fcu,T and fc,T) to the 6 

compressive strength of the same concrete at room temperature (fcu,0 and fc,0), is plotted in Fig. 6, where fcu,T and 7 

fc,T are the compressive strength of the cubic and prismatic samples at temperature T, respectively. 8 

  

(a) Cube (b) Prism 

Fig. 6 Normalized compressive strength of the cubic and prismatic samples 9 

Table 3 shows that the compressive strength of both the cubic and prismatic samples with a higher coarse 10 

aggregate content is higher at normal temperature. At normal temperature, the compressive strength of the basalt 11 

aggregate is about 180 MPa[63], which is higher than the CA-UHPC matrix. Under compression, the matrix and 12 

the coarse aggregates work together, and the coarse aggregates have a blocking effect on the development of 13 

cracks. The propagation of micro-cracks usually bypasses coarse aggregates to form a longer failure path, so as 14 

to absorb more energy. The same observation from Table 3 is also illustrated in Fig. 6 for the samples subjected 15 

to other temperatures, which is attributed to that the matrix has a higher deterioration rate than the coarse 16 

aggregates when they are under elevated temperature. 17 

Overall, the post-heating compressive strength of the samples with the same geometry and coarse aggregate 18 

content is greater than that when the samples are under the same high temperature. The post-heating strength 19 

demonstrates an early increase, followed by a decrease when the temperature increases. Specifically, the post-20 

heating strength increases notably at 300 °C, which is 10% to 20% higher than that of the same concrete at 21 

normal temperature. The increase in the post-heating strength can be attributed to the formation of new hydrates 22 

in the pores within the material due to the rehydration during evaporation of free water, which brings the cement 23 

gel layers move closer to each other, resulting in a larger Van der Waals force[64]. Under 300 °C, the compressive 24 

strength is smaller than that at normal temperature. It is speculated that the sample under 300 °C does not go 25 

through the long cooling period as the post-heating sample, thus the rehydration reaction time is not long enough 26 

to improve the compressive strength. 27 

From 300 °C, the difference between the post-heating strength difference of A30 and the other CA-UHPCs 28 

begins to increase until 700 °C. Within this temperature range, the effect of temperature on the rate of 29 

deterioration of the matrix is greater than that of coarse aggregates. At 900 °C, the post-heating strength is very 30 

low, which is about 40% lower than that at normal temperature. From the test results of all the samples at different 31 

temperatures, the compressive strength of A30 is much greater than that of all other CA-UHPCs. It can be judged 32 

that adding 0 ~ 30% coarse aggregate can improve the compressive strength of the samples, but the effectiveness 33 

is not proportional to the content of coarse aggregates. 34 

3.2.2 Effect of the sample shape on the compressive strength under and after high temperature 35 

It can be seen from Fig. 6 that the normalized compressive strength of the cubic and prismatic samples 36 
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follows a relatively similar trend for the samples exposed to and post heating. However, the normalized 1 

compressive strength of the cubes is larger than that of the prisms, which means that the strength of the prisms 2 

decreases more than that of the cubes when they are subjected to the same temperature. This is partly because 3 

the larger volume of the prism that is three times of the cube. Therefore, the prisms are inevitably with more 4 

initial damage and prone to high-temperature damage. 5 

To further study the effect of the sample shape, the compressive strength ratio of prismatic and cubic 6 

samples is defined as the ratio of the compressive strength of the prisms divided by that of the cubes with the 7 

same mixture at the same target temperature. The post-heating compressive strength ratio of CA-UHPC with 8 

different aggregate contents is rather similar. 9 

The post-heating compressive strength ratio can be approximately calculated by Eq.(1), 10 

43.93 10 0.82 C,         20 90C 0PT

CT

f
T T

f

                                                           (1) 11 

3.2.3 Prediction of the compressive strength reduction under and after high temperature 12 

The literature review has found that the research on the compressive strength of UHPC are limited, and 13 

there are very limited works on the compressive strength of CA-UHPC under and after heating [33][65]. Thus, in 14 

this research, compressive strength tests, including post heating (cold state) and under heating (hot state), on 15 

UHPC with different coarse aggregate contents are conducted. Due to the lack of existing results for cross 16 

examination, the test results of similar concrete, such as RPC[23, 24, 26, 27, 66] without coarse aggregates and ultra-17 

high strength concrete (UHSC) [67-69] with coarse aggregates and fibers, are included in the comparisons, as 18 

shown in Fig. 7. 19 

 
 

(a) Post heating (cold state) (b) Exposed to heating (hot state) 

Fig. 7 Reduction factors of the compressive strength post and exposed to heating 20 

As shown in Fig. 7 (a), the normalized post-heating compressive strength of CA-UHPC, RPC and UHSC 21 

all show decreasing after an initial increasing. The difference is that from 500 °C to 900 °C, the CA-UHPC has 22 

a higher normalized compressive strength than others. This means that the reduction in the compressive strength 23 

of the CA-UHPC within this temperature range is less severe when compared to the other materials. In Fig. 7, 24 

cubic polynomials are used to fit both the upper and lower bounds of the normalized compressive strength over 25 

the temperature range. It is found that data outside the area enclosed by the upper and lower bounds are about 26 

5% on each side. The normalized compressive strength of the CA-UHPC, i.e., the reduction coefficient of the 27 

CA-UHPC, after heating (cold state) is also given by curve fitting the test results. 28 

The upper bound of the normalized post heating compressive strength is, 29 
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where F refers to post heating. 31 

The lower bound of the normalized post heating compressive strength is, 32 
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The compressive strength reduction coefficient of the CA-UHPC after heating is, 1 

2 2( 0.5(( 891.43)/247.66) 0.5(( 0.07)/0.24) ) C C1.07 0.75 ,         20 900AT V

Fk e T                                     (4) 2 

where, 
AV  refers to the volume fraction of coarse aggregates. 3 

The simplified reduction coefficient of compressive strength of the CA-UHPC after heating is, 4 
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 6 

For the materials under heating, as shown in Fig. 7(b), the normalized compressive strength is always 7 

smaller than the strength under room temperature, which is different to Fig. 7(a) when the temperature is below 8 

300 °C. As observed in Fig. 7(a), the normalized compressive strength of CA-UHPC under a temperature from 9 

500 °C to 900 °C is also greater than that of the other materials. Similarly, the upper limit bound, the lower limit 10 

bound, and the compressive strength reduction coefficient of the CA-UHPC under heating are given as follows 11 

(Eq.(6)~Eq.(9)). 12 

The upper bound of the normalized under-heating compressive strength is, 13 

3 2
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1.54( ) 0.78( ) 0.11 1,   C  20 900

1000 1000
C

1000
up U

T T T
k T

  
                                (6) 14 

where, U refers to under-heating. 15 

The lower bound of the normalized under-heating compressive strength is, 16 
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                                  (7) 17 

The compressive strength reduction coefficient of the CA-UHPC under heating is, 18 

7 2 4 2 40.92 6.1 10 ( 20) 1.04 10 ( 2 C0) 1.97 0.3 2.72 10 ( 20 C) ,  20 900U A A Ak T T V V T V T                 (8) 19 

The simplified reduction coefficient of compressive strength of the CA-UHPC under heating is, 20 

4

, 6.67 10 1. C01    0 C2 900S Uk T T     ， ＜                                                    (9) 21 

 22 

4 High-temperature micromorphology and composition analysis 23 

4.1 Mass analysis 24 

 
Fig. 8 Macro and micro mass change of CA-UHPC 25 

The mass changes of the micro TGA (Type TGA2) and the macro samples[55] are plotted in Fig. 8. The 26 

comparison demonstrates that the mass of the samples decreases with the increase of temperature, and the high 27 

temperature causes irreversible changes in the material. Water in the concrete includes free water and bound 28 

water. From normal temperature to 300 °C, the mass of the samples is constantly decreasing and the reduction 29 

rate is faster, especially at 150 °C. At this time when evaporation of free water occurs, the balance inside the 30 

material is broken, resulting in separation and evaporation of the bound water in CSH [70]. The mass loss in this 31 
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temperature range is 4.9% ~ 6.1%. The mass decreases by 1.3% ~ 1.9% at 300 °C ~ 500 °C compared with that 1 

below 300 °C. The reduction rate is relatively slow in comparison to the previous stage, mainly due to the 2 

dehydration of CH starting at 450 °C [71]. After 500 °C, the mass decreases significantly again, because CaCO3 3 

begins to decarburize at 650 °C, resulting in a 4.4% ~ 6.1% reduction in mass at 500 °C ~ 700 °C in contrast 4 

with the previous stage. At 700 °C ~ 900 °C, the mass decreases by 14.8% ~ 20.2% that at 500 °C ~ 700 °C, and 5 

the reduction rate reaches the maximum at 720 °C, accompanied by solid-solid transformations. The mass 6 

decreases most in this temperature range, which corresponds to the decrease of the macro post-heating strength. 7 

Compared with normal temperature, the average macro and micro mass loss at 900 °C is 30.4% and 23.5%, 8 

respectively. The mass change of TGA is more evident than that of the macro weighing. It can be attributed to 9 

that the samples tested by TGA are powder that have larger specific surface area and decomposed more at high 10 

temperature. As for the influence of the coarse aggregate content, both the micro TGA and macro weight show 11 

the same law that the more the coarse aggregate content, the less the mass loss. 12 

4.2 Micro morphology analysis 13 

4.2.1 Morphology of the CA-UHPC matrix after different temperatures 14 

The morphology and the qualitative and semi quantitative analysis of the CA-UHPC samples before and 15 

after high temperature are examined by SEM (type: Zeiss SIGMA) and EDS. The results are analyzed for the 16 

matrix, steel fibers, coarse aggregates and their interfaces, as shown in Fig. 9~Fig. 11. 17 
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Fig. 9 SEM image of CA-UHPC matrix after high temperature 1 

At room temperature (Fig. 9(a)), the matrix is relatively dense without evident defects, and CSH and CH 2 

can be observed. It is because that CSH is a primary hydration product, which presents amorphous CSH gel, and 3 

CH presents plate-like structure. They are closely arranged together in a certain form. When it is magnified to 4 

25000 times (Fig. 9(b)), it can be seen clearly that the hydrate structure is straight without bending. However, 5 

there are still voids between the structures, which are not filled by hydration. The Ca/ Si ratio measured by EDS 6 

is 2.53. 7 

When the temperature rises to 100 °C and 300 °C (Fig. 9(c)~(f)), the matrix is further compacted, and the 8 

silicon powder further involves in the hydration reaction. The voids in normal-temperature structure (Fig. 9(b)) 9 

are filled with the hydrates, and CSH gel continues to grow and extrudes bulges on the matrix (Fig. 9(d)). At 10 

300 °C, the material inside is denser, the lamellar CSH gel disappears, and CSH of the cluster structure in 11 

crowded space finally presents weak co-directional growth (Fig. 9(f)). The Ca/ Si ratio of the matrix at 100 °C 12 

and 300 °C are 1.88 and 1.02, respectively, indicating that CSH is generated, CH is consumed and the hydration 13 

reaction continues from room temperature to 300 °C. Compared with the structure at 100 °C (Fig. 9(d)), the 14 

structure at 300 °C (Fig. 9(f)) has a small number of fine holes, illustrating that there has been preliminary 15 

thermal stress damage at 300 °C. However, from the macro mechanical properties (Fig. 6), the strength 16 

enhancement caused by rehydration is greater than the strength reduction caused by thermal stress damage.  17 
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At 500 °C, the micro structure becomes a little loose, the structure in Fig. 9(g) tends to get chapped. Fig. 1 

9(h) shows a small number of holes and cracks, the hydration products are not dense, and the components are 2 

separated with voids. At this time, free water and physical crystal water disappear. At 700 °C, the pore structure 3 

is further coarsened, and there are many and concentrated cracks in Fig. 9(i), forming parallel crack zone. In Fig. 4 

9(j), the structure tends to form long cracks, and obvious boundaries and cracks appear between particles. CSH 5 

and CH are almost completely decomposed. These long cracks in the parallel crack zone are easy to penetrate 6 

each other, resulting in a significant reduction in the macro compressive strength. At 900 °C, the micro structure 7 

(Fig. 9(k)) is full of holes and cracks, which are widened and deepened. On magnification (Fig. 9(l)), the cracks 8 

are penetrated, the internal skeleton is coral-like, with no compound filling it. Thermal stress makes the structure 9 

curl and shrink. 10 

4.2.2 Morphology of steel fibers in CA-UHPC after different temperatures 11 

  
(a) 20 °C (b) 100 °C 

  
(c) 300 °C (d) 500 °C 

  
(e) 700 °C (f) 900 °C 

Fig. 10 SEM image of steel fibers in CA-UHPC after high temperature 12 

The surface morphology of the extracted steel fibers is shown in Fig. 10. At room temperature, the surface 13 

of the steel fiber is smooth and complete, and almost no matrix is bonded to the surface. After amplification, 14 

small particles are observed on the fiber surface. It indicates that the failure occurs at the bonding surface. After 15 

100 °C, the surface of the steel fiber is still smooth, and scratches along the radial direction of the fiber are 16 

observed, indicating that the surface of the steel fiber has been bonded to the matrix. This demonstrates that there 17 

is a strong adhesion between the fiber and the matrix. After 300 °C, there is thin matrix attached to the surface 18 



of the steel fiber, meaning that the steel fiber is still closely connected with the matrix, and the failure occurs 1 

further away from the bonding surface. After 500 °C, the surface of the steel fiber covered with matrix is no 2 

longer smooth. There are vertical and parallel cracks between the steel fiber and the matrix. However, the steel 3 

fiber remains bonded to the matrix. After 700 °C, the surface of the steel fiber peels and partially detaches. There 4 

are many longitudinal cracks between the steel fiber and matrix, which illustrates that the steel fiber has 5 

significant damage [72], and the bond between the steel fiber and matrix degrades. After 900 °C, the pulled part 6 

of the steel fiber carries thick matrix, and the thickness of the matrix in different parts varies greatly, so the 7 

original cylindrical shape of the steel fiber can hardly be distinguished. 8 

As can be seen from the shape of the extracted fiber, the matrix attached to the fiber becomes thick with the 9 

increase of temperature, that is, the failure surface changes from the steel fiber-matrix interface to the shallow 10 

matrix and even to the deep matrix. On the one hand, it means that within 300 °C, the fiber-matrix interface is 11 

enhanced due to re-hydration. On the other hand, as the temperature continues to rise, the matrix deteriorates 12 

rapidly, and the bond force between the steel fiber and the surrounding matrix is gradually greater than that inside 13 

the matrix. 14 

4.2.3 Morphology of coarse aggregates and holes in CA-UHPC after different temperatures 15 

  
(a) 100 °C 

  
(b) 300 °C 

  
(c) 500 °C 
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(d) 700 °C 

Fig. 11 SEM image of coarse aggregates and pores in CA-UHPC after high temperature 1 

The morphological characteristics of coarse aggregates and holes are shown in Fig. 11. From room 2 

temperature to 300 °C, the boundary between the coarse aggregate and matrix is clear and the bond is tight. The 3 

internal holes of the CA-UHPC change from smooth inner wall to form a large number of needle-like CSH, 4 

which means that the internal hole provides space to generate new CSH under the combined action of 5 

temperature and free water. On the sample section after 300 °C (Fig. 11(b)), the coarse aggregate is flat and 6 

smooth, like being cut, which may be because the new hydrate enhances the strength of the matrix itself and the 7 

matrix-coarse aggregate interface, causing the failure surface pass through the coarse aggregate. After 500 °C, 8 

the boundary between the coarse aggregate and matrix is no longer clear. It can be clearly seen that the coarse 9 

aggregate has uneven surface, and there are some cracks and radial cracks between the coarse aggregate and the 10 

matrix. CSH in the hole decreases and radial cracks appear around the hole. After 700 °C, the surface of the 11 

coarse aggregate is covered with the matrix, and the shape of the coarse aggregate occasionally appears, which 12 

is difficult to distinguish. There are obvious cracks and no hydrates in the hole. 13 

4.3 Element and phase analysis 14 

 

(a) Element distribution map (b) XRD test results 

Fig. 12 Elements and phases in CA-UHPC 15 

The element diagram of the CA-UHPC at room temperature (Fig. 12(a)) was collected by EDS. The main 16 

elements Ca, Si and Al are evenly distributed on the surface of the sample. Ca element diagram is dark in area 17 

① of the upper right conner and area ② of the middle. Corresponding to area ①, Si element appears very bright 18 

due to the embedding of the aggregate. Corresponding to area ②, Al element appears very bright due to the 19 

formation of calcium aluminate hydrate. Except for areas ① and ②, there is no element enrichment in the 20 

distribution map of Ca, Si, Al and other elements, and the hydration products are also evenly distributed. On the 21 

whole, the microstructure of the CA-UHPC is uniform, the different components are closely combined, and the 22 

initial defects are small. 23 

Combined with the EDS of the sample, it can be seen that the elements in the matrix are mainly O, Ca, Mg, 24 

C, Al, Si, K etc., so as to accurately retrieve the phase in the sample by XRD with an angle of 10 °~ 80 ° and a 25 
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step length of 0.05 °. In Fig. 12(b), 1-Quartz (SiO2), 2-Calcite (CaO), 3-Ca3SiO5, Ca2SiO3, 4-CSH. Quartz 1 

content is the highest, mainly because the coarse and fine aggregates are quartz and basalt, respectively. The two 2 

peaks of SiO2 at 100 °C and 300 °C decrease tremendously, mainly because SiO2 reacts with Ca(OH)2, the 3 

hydration product of cement, to produce CSH (Eq.(10)). However, due to its amorphous structure, the peak value 4 

of CSH phase is low.[73] The rehydration corresponds to the increase of compressive strength of the sample in 5 

the previous Fig. 6. After 500 °C, the peak of SiO2 increases and the peak of CSH decreases. This is mainly 6 

because most of CSH has decomposed to SiO2 at 500 °C,[30] and the compressive strength decreases again. The 7 

peak of CaO increases significantly at 700 °C, indicating that the decarburization speed of CaCO3 reaches a peak 8 

(Eq.(11)). CSH is almost completely decomposed at 700 °C, and the compressive strength of the sample in Fig. 9 

6 decreases rapidly accordingly. CnS (C2S and C3S) is also the decomposition product of CSH, and its peak value 10 

is low, but the peak values become more obvious at 700 °C and 900 °C. The synthesis and decomposition of the 11 

above phases correspond to the change of compressive strength of the sample after high temperature, that is, the 12 

compressive strength increases before 300 °C, and decreases after 500 °C. 13 

2 2 2 2 2 23 a 2 a a ( )C O SiO C O SiO SiO H O xC O ySiO nH O CSH                                           (10) 14 

3 2aC a CC O C O O                                                                         (11) 15 

5 High-temperature pore characteristics related to macro compressive strength 16 

5.1 Pore distribution characteristics 17 

  
Fig. 13 Cumulative intrusion vs pore size after different 

temperatures 

Fig. 14 Log differential intrusion vs pore size after 

different temperatures 

A representative unit is cut from the middle of the sample for MIP testing. The type of automatic mercury 18 

intrusion porosimeter is AutoPore IV 9500, and the measuring range of holes is 5 nm ~ 350 μm. Fig. 13 shows 19 

the relationship between the cumulative intrusion and pore size of the CA-UHPC after different temperatures. It 20 

can be seen that from room temperature to 900 °C, the cumulative intrusion increases with the increase of 21 

temperature, basically showing a positive correlation. It is not difficult to find that the cumulative intrusion of 22 

the samples after 700 °C exhibits a huge growth, which is one order of magnitude larger than that of other 23 

temperatures. This implies that the internal pores of the material sharply grow after 700 °C, which result in a 24 

substantial reduction in mechanical properties, and is consistent with the sharp reduction of compressive strength 25 

in Fig. 6. 26 

The critical diameter is often used to detect the influence of temperature on the change of pore structure. It 27 

is the inflection point of the cumulative intrusion curve (Fig. 13) and the maximum peak on the log differential 28 

intrusion curve (Fig. 14). The log differential intrusion curve is derived by differentiating the cumulative 29 

intrusion curve. In Fig. 14, the critical diameter constantly moves to the right, demonstrating that the internal 30 

pores of the CA-UHPC are coarsened by high temperature and larger pores are formed. To be specific, the critical 31 

diameter of the samples varies little from room temperature to 100 °C, and the peak value increases slightly. It 32 

is speculated that at 100 °C, the evaporation of free water leaves pores, while at the same time the rehydrated 33 

hydrate fills the pores. When the temperature continues to rise to between 300 °C and 500 °C, the critical 34 

diameter increases, indicating that, while some pores in the material have begun to coarsen, the pore size is still 35 
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relatively uniform. The internal pores continued to coarsen after 500 °C, and tended to form the second peak 1 

between 1000 nm and 10000 nm. At 700 °C and 900 °C, the critical diameter of internal pores moves to the right 2 

greatly, and the pore size is relatively concentrated, forming evident double peaks on the curve, and the pore size 3 

distribution is no longer uniform. 4 

 
(a) 3D pore distribution 

 

 
(b) Distribution of pores along height 

Fig. 15 Pore distribution of 3D reconstructed CA-UHPC after different temperatures 5 

X-CT can measure open and closed pores at the same time. The industrial X-CT (type: MultiscaleVoxel-6 

450) with the pore recognition ability of Ф 200 μm is used. For the same sample as MIP, the pore distribution 7 

characteristics of three-dimensional reconstructed CA-UHPC by X-CT are shown in Fig. 15. From the figure, 8 

the total porosity tends to be larger as the temperature rises, as shown in Fig. 15 (a), and in Fig. 15 (b) as the 9 

larger area enclosed by the blue curve and the vertical axis (x=0). The distribution of the equivalent diameter 10 

along the height of the sample is not uniform either. More precisely, the porosity increases slightly from room 11 

temperature to 300 °C, in which the maximum diameter decreases at 100 °C and increases at 300 °C, but the 12 

median diameter is the smallest at 300 °C (see Fig. 17). The porosity continues to rise after 500 °C, and the 13 

porosity and the number of large pores significantly increase at 900 °C. 14 

5.2 Porosity 15 

 
 

Fig. 16 Porosity and pore size distribution by MIP Fig. 17 Porosity and median diameter by X-CT 

The porosity of the sample after exposed to different temperatures is shown in Fig. 16. The porosity is 16 

particularly sensitive to temperature and increases with the increase of temperature. Especially for the samples 17 

at 700 °C, the porosity increases sharply. However, the porosity is relatively stable at 700 °C ~900 °C. Samples 18 

exposed to different temperatures can be divided into three groups according to the porosity. The first is the 19 
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sample at room temperature, the porosity of which is less than 5%. The second is the sample at 100 °C ~ 500 °C 1 

that has a porosity between 8% ~ 20%. This group has a higher porosity than the first group, but with a slower 2 

pore growth rate. The compressive strength (Fig. 6) of the second group reduces up to 28%. The last group is 3 

the sample at 700 °C and 900 °C, the porosity of which is between 30% ~ 50%. In contrast with the previous 4 

group, the porosity increases significantly, and the compressive strength decreases rapidly, up to 78%. To further 5 

observe the pore characteristics [74], the pores are divided into macropores (d> 1000 nm), capillary pores (100 6 

nm ＜d＜ 1000 nm), transition pores (10 nm ＜d＜ 100 nm) and gel pores (d< 10 nm), as shown in Fig. 16. 7 

After 100 °C, the number of pores increases, and there is little change in the proportion of different types of 8 

pores. At 300 °C, most part of the gel pores transforms into transition pores and the number of macropores 9 

decreases. Note here that the reduction of macropores means that the rehydration inside the structure fills part 10 

of the macropores and increases the compressive strength of the sample at this temperature. At 500 °C, the 11 

proportion of macropores increases to 50%, resulting in a decrease of compressive strength at 500 °C compared 12 

with 300 °C. At 700 °C and 900 °C, the total porosity increased noticeably, and gel pores could hardly be 13 

observed. At 900 °C, the number of large pores changes little compared with 700 °C, while most transition pores 14 

turn into capillary pores, and the compressive strength decreases further. 15 

As can be seen from above, the porosity measured by MIP (Fig. 16) differs from that by X-CT (Fig. 17), 16 

because the range of the diameter measured by both methods is different. The sample used for MIP is small, 17 

generally 1mm ~ 5mm, and the measurement diameter is 5nm ~ 350 μm. Hence, MIP is better for identifying 18 

open pores at the nano level. While the resolution of X-CT is 50 μm, it is generally used to identify large pores 19 

(> 200) μm). In addition, the particle diameter of silica fume in the CA-UHPC is 0.2 μm, and the particle diameter 20 

of fly ash and cement is smaller than 150 μm. The number of large pores is relatively lower, so that the porosity 21 

identified by X-CT is smaller than that by MIP. Nevertheless, the porosity obtained by X-CT (Fig. 17) also shows 22 

increased with the increase of temperature. More specifically, from room temperature to 100 °C, the porosity 23 

and the median diameter increase, but not significantly. The temperature up to 100 °C has little effect on the 24 

compressive strength. Up to 300 °C, the porosity increases slightly, but the median diameter is smaller than that 25 

below 100 °C, which explains the increase of compressive strength at this temperature. After 500 °C, the porosity 26 

and the median diameter increase notably, and the compressive strength decreased greatly. The porosity increases 27 

while the median pore size decreases slightly at 700 °C. The porosity increases considerably at 900 °C, and the 28 

compressive strength decreases the most at this temperature. 29 

6 Conclusion 30 

This paper studied the change of mechanical properties and the micro structure evolution of CA-UHPC 31 

when the material was under and after exposure to high temperature, aiming at assessing the change of the 32 

temperature dependent macro strength of CA-UHPC and understanding the macro and micro thermal 33 

mechanisms that have caused the changes. The followings are the main findings. 34 

(1) The macro morphological characteristics of CA-UHPC are greatly affected by a temperature higher than 35 

300 °C, demonstrated by the changes in the color (from dark to light), knocking sound (from clear to dull), 36 

pore structures and crack formations (from small to large). The appearances featured by the CA-UHPC under 37 

or after heating are related to the maximum temperature exposed. Thus, the maximum temperature a CA-38 

UHPC has experienced in a real fire can be evaluated according to the above macro morphological 39 

characteristics. 40 

(2) Brittle failure characteristics of the CA-UHPC at hot and residual tests are noticeable below 500 °C. Volume 41 

distortion of the samples is obvious when the temperature reached 900 °C. The post-heating compressive 42 

strength is greater than the compressive strength of the same material exposed to high temperature. The 43 

coarse aggregate content is positively correlated with the high-temperature compressive strength, especially 44 

when the coarse aggregate content is about 30%. The shape of the test sample also has a certain effect on the 45 

compressive strength. The compressive strength of cubes is greater than that of prisms at the same 46 

temperature. 47 



(3) The changes of macro and micro mass, morphology and phase after high temperature are closely related to 1 

the internal physicochemical changes of the CA-UHPC. The observed key stages are: (a) at 300 °C total loss 2 

of free water and rehydration occurs; (b) at 500 °C loss of all physically bound water and decomposition of 3 

CSH occur; (c) below 700 °C, change of quartz phase occurs, and the decomposition of CSH reaches the 4 

peak; (d) after 700 °C, the calcium carbonate decarburizes and all chemical bound water is lost. These micro 5 

structural and phase changes are directly related to changes in the macro compressive strength and can be 6 

used to assess high-temperature related strength degradation of CA-UHPC. 7 

(4) A combination of both MIP and X-CT tests can provide a full account of pore characteristics of CA-UHPC 8 

at high-temperature, which can be also used to explain the reduction in high-temperature compressive 9 

strength. When the temperature is below 300 °C, although the porosity increases slightly, the median 10 

diameter of pores is the smallest, which corresponds to a slight increase in compressive strength. The number 11 

and size of the internal pores in the material sharply grow after 700 °C, resulting in a rapid reduction in 12 

compressive strength. 13 

(5) In view of the correlations between strength degradation of CA-UHPC and high temperature, it is 14 

recommended that the service temperature of CA-UHPC should not excess 300 °C, so as to better maintain 15 

its strength without excessive property degradation. If the service temperature exceeds 700 °C, the 16 

compressive strength of CA-UHPC under and after heating is significantly reduced. 17 
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