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Abstract: To investigate residual properties of Ultra-High Performance Concrete (UHPC) containing steel-7 

polypropylene hybrid fiber subjected to fire accidents during construction, uniaxial compressive tests were 8 

carried out on UHPC exposed to elevated temperature at early age. The test parameters include the age 9 

exposed to elevated temperature, temperature levels, steel fiber content and coarse aggregate content. Based 10 

on the test results, failure mode, strength, elastic modulus, peak strain, and strain-stress response of the 11 

tested specimens were analysed. Additionally, microstructures of the specimens were characterized using 12 

X-ray diffraction and scanning electron microscopy. The test results show that up to 600°C, the residual 13 

compressive strength of the UHPC generally increases with age due to the improved resistance and 14 

accelerated hydration. At 800°C, the strength decreases slightly with age due to the porosity and carbonation 15 

reactions. Finally, an empirical formula was proposed to predict the compressive strength, peak strain, 16 

elastic modulus, and the uniaxial compressive stress-strain constitutive model of the UHPC exposed to 17 

elevated temperature at early age. 18 
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Notations 32 

cf , E , pε  
The cylinder strength, elastic module and peak strain of matured UHPC at room temperature 

(20℃, 56d) , respectively. 
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The cylinder strength, elastic module and peak strain of UHPC exposed to elevated 

temperature at early age, respectively. 
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The cylinder strength, elastic module and peak strain of matured mortar at room temperature 

(20℃, 56d) , respectively. 
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Modified parameter considering the fire-damaged age of cylinder strength, elastic module 

and peak strain, respectively. 

,c cak
, ,E cak

, ,cakε  
Modified parameter considering the volume fraction of coarse aggregate of cylinder strength, 

elastic module and peak strain, respectively. 
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, ,sfkε  
Modified parameter considering the volume fraction of steel fiber of cylinder strength, elastic 

module and peak strain, respectively. 
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Modified parameter considering temperature of cylinder strength, elastic module and peak 

strain, respectively. 
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Modified parameter considering early-age of cylinder strength, elastic module and peak 

strain, respectively. 

T , Tt  Temperature and the age exposed to elevated temperature, respectively. 

caV
, sfV

 The volume fraction of coarse aggregate and steel fiber, respectively. 

 33 

1 Introduction 34 
Post-fire assessments are critical for ensuring safety and longevity of building structures, given the 35 

frequent occurrence of fire incidents. Fire exposure leads to thermal degradation, causing a structure to lose 36 

its original properties. Continuing to use these compromised structures poses significant safety risks, while 37 

demolishing them prematurely results in resource wastage. Therefore, accurately assessing residual 38 

mechanical properties of a post-fire structure is imperative to mitigate safety risks, prevent unnecessary 39 

demolition, and reduce resource wastage. Additionally, statistical studies [1] have indicated that there has 40 

been an increase in the number of fire incidents occurring when a structure is under construction (Figure 41 

1), many of which have been reported in the medium[2-4]. As shown in Figure 2, concrete in its early age 42 

during construction is particularly susceptible to fire damage, which subsequently impacts its performance 43 
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in service. 44 

  
Figure 1  Fire accident number during construction Figure 2  The influence of fire accident. 

Ultra-high performance concrete (UHPC) is a durable, low-porosity cement-based material that 45 

reduces demand for concrete consumption and extends structure lifespan, thus lowering costs, energy 46 

consumption, and CO2 emissions, rendering it a sustainable and versatile material for construction 47 

applications[5, 6]. Post-fire mechanical properties of UHPC have direct impacts on the post fire performance 48 

of a structure. Extensive research has been carried out worldwide on this topic. For example, researchers 49 

conducted high-temperature loading tests, focusing on the impact of curing methods, types of fibers, and 50 

content of coarse aggregates, etc. on the post-fire mechanical properties[7-11]. They employed techniques 51 

such as X-ray diffraction (XRD), scanning electron microscopy (SEM), mercury intrusion porosimetry 52 

(MIP), and computed tomography (CT) to understand the mechanisms of thermal degradation [12-14]. Post-53 

fire stress-strain equations were proposed for direct design calculations[15, 16]. These studies provide scientific 54 

backing for advancing engineering applications of UHPC, refining designs, and addressing practical 55 

engineering challenges. While the behaviour of UHPC exposed to high-temperature during service has been 56 

extensively studied in the literature, there are only limited studies on the effects of fire on a structure during 57 

construction[17-20].  58 

Concrete cast in the construction period is often in its early age and subjected to complex 59 

environmental and working conditions, such as temperature and curing conditions, impacting its 60 

mechanical performance. The damage caused by high temperatures at the early age is distinctly different 61 

from the damage that occurs during the service phase when exposed to high temperatures. However, 62 

research in this area remains limited. To the authors’ knowledge, only a few researcher have conducted 63 
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relevant studies. For instance, Wang et al.[21] investigated the effect of fire damage at early age on the 64 

residual compressive strength of UHPC. However, Wang’s study is limited to assessing fire damage at 28 65 

days. Furthermore, the study focuses solely on compressive strength, overlooking other critical mechanical 66 

properties such as elastic modulus, peak strain, and stress-strain relationship. Building on Wang’s research, 67 

Li[22] examined permeability of UHPC at 28 days. Additionally, Qian[23] studied the performance recovery 68 

of high-temperature damaged UHPC at early age under different curing environments by testing residual 69 

compressive and flexural strength of the UHPC that has endured high-temperature damage at 800 ℃ at 0, 70 

14, and 28 days. Previous studies[24] have also investigated the effects of high-temperature curing(within 71 

200 ℃) on the performance of UHPC. Overall, these studies only qualitatively examine the effects of 72 

temperature on the basic properties of UHPC of specific ages and temperature exposure, lacking a 73 

systematic and quantitative investigation into the combined effect of age and temperature on the residual 74 

performance of UHPC. Thus, there remains a significant research gap in the current literature regarding 75 

post-fire evaluation and repair strategies for structures exposed to fires during the construction phase, which 76 

is critical for assessing long-term safety performance of UHPC structures. 77 

In order to fill the research gap, this paper presents uniaxial compressive test results of UHPC exposed 78 

to elevated temperature at early age. The test parameters include the age when they were exposed to elevated 79 

temperature, temperature, steel fiber content, and coarse aggregate. The failure modes, stress-strain curves, 80 

and key indicators such as compressive strength, elastic modulus, and peak strain were analyzed. Empirical 81 

stress-strain curve equations and expressions for key indicators for UHPC exposed to elevated temperature 82 

at early age are proposed. The degradation mechanisms of the UHPC exposed to elevated temperature at 83 

early age are studied through microscopic tests. This work provides a reference for fireproof design and 84 

safety assessment of UHPC structures throughout their lifecycle, contributing valuable insights for its 85 

application in fire-exposed construction scenarios.  86 

2 Experimental program 87 
2.1 Raw material and mix design 88 

In the preparation of UHPC, materials were selected to ensure best possible strength and durability of 89 

the final mix. Among them, P.I. 52.5 Portland cement, silica fume, and fly ash were used as the binder. The 90 

water-to-binder ratio was uniformly set as 0.17. Specifically, Portland cement with a grade of 52.5 and a 91 

density of 3.20 g/cm³ was selected for its high strength. The measured compressive strengths of OPC at 3 92 
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days and 28 days were 34 MPa and 62 MPa, respectively, and the flexural strengths at 3 days and 28 days 93 

were 6.8 MPa and 9.2 MPa, respectively. Silica fume, with 95% SiO2 content and a 125% activity index, 94 

was used to enhance the mix’s cohesiveness and improve the pore structure of the UHPC. Fly ash from 95 

Henan Borun Casting Material Co., Ltd., with a density of 2.55 g/cm³, was used. The chemical composition 96 

of the cementitious materials was determined using an X-Ray Fluorescence Spectrometer through a 97 

standardless quantitative analysis method, and the results are presented in Table 1. The morphology of the 98 

cementitious materials was observed through scanning electron microscopy (SEM), the representative 99 

images of which are shown in the Figure 3. 100 

Table 1 Chemical components of OPC, silica fume and fly ash（%） 101 
Chemical 

components 
Na2O MgO Al2O3 SiO2 SO3 Fe2O3 P2O5 CaO K2O MnO ZnO SrO 

OPC 0.079 2.14 4.5 19.58 3.06 3.119 0.128 64.94 0.75 0.127 0.024 0.148 
Silica fume 0.068 0.224 0.354 95 1.26 0.113 0.11 0.213 0.332 0.008 0.019 0.005 

Fly ash 0.552 0.575 30.63 48.74 0.706 2.611 0.247 2.44 1.25 0.016 0.013 0.060 

 102 

   
a) OPC b) Silica fume c) Fly ash 

Figure 3  SEM images of OPC, silica fume and fly ash 

Fine quartz sand with an average particle size of approximately 250 μm and basalt coarse aggregate 103 

of 5-10 mm were selected as the fine aggregate and coarse aggregate (CA), respectively. Copper-coated 104 

micro-wire steel fibers of 13 mm in length with an elastic modulus of 200 GPa were added to enhance 105 

ductility and reduce the possibility of undesired failure modes. Polypropylene fibers of 12 mm in length 106 

and an elastic modulus of 4.24 GPa were added to the mix to prevent explosive spalling at high 107 

temperatures[14, 25]. The mixture also contained tap water and high-performance powder polycarboxylate 108 

superplasticizer, which reduced the water content in the concrete by 29%. The mix proportions and 109 
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properties of the UHPC are listed in Table 2. 110 

Table 2  Mix proportions and properties of UHPC (kg/m3) 111 

Mix No 

Mix proportions Properties 
Matrix Admixture component Cube 

strength 
(MPa) 

Mass 
density 
Kg/m3 

Moisture 
content 

% Cement Silica 
fume 

Fly 
ash FA PPF Water PPF SF CA 

S0CA0 
877 
(0.8) 

110 
(0.1) 

110 
(0.1) 

1206 
(1.1) 

12 
(0.01) 

186 
(0.17) 

1.84 
(0.2%) 0 0 103 2495 2.83 

S1CA0 
867 
(0.8) 

108 
(0.1) 

108 
(0.1) 

1190 
(1.1) 

12 
(0.01) 

184 
(0.17) 

1.84 
(0.2%) 

78.5 
(1%) 0 110 2532 2.31 

S2CA0 
858 
(0.8) 

107 
(0.1) 

107 
(0.1) 

1179 
(1.1) 

12 
(0.01) 

182 
(0.17) 

1.84 
(0.2%) 

157 
(2%) 0 121 2554 2.10 

S2CA15 
726 
(0.8) 

91 
(0.1) 

91 
(0.1) 

998 
(1.1) 

10 
(0.01) 

154 
(0.17) 

1.84 
(0.2%) 

157 
(2%) 

375 
(15%) 127 2604 2.36 

S2CA30 594 
(0.8) 

74 
(0.1) 

74 
(0.1) 

817 
(1.1) 

8 
(0.01) 

126 
(0.17) 

1.84 
(0.2%) 

157 
(2%) 

750 
(30%) 131 2652 2.01 

Note: FA - fine aggregate, CA - coarse aggregate, SF - steel fiber, PPF - polypropylene fiber, and SP - superplasticizer. 112 

Using the same UHPC mix[26-29], this study prepared five types of UHPC, including three volumetric 113 

ratios of steel fibers (0%, 1%, and 2%) and three volumetric ratios of coarse aggregates (0%, 15%, and 114 

30%). The mix designs are denoted as ‘SiiCAjj’, where ‘S’ signifies steel fiber and ‘ii’ denotes fiber volume 115 

fraction. ‘CA’ stands for coarse aggregate, with ‘jj’ representing its volume fraction. Detailed mix 116 

proportions are presented in Table 2. As shown in Figure 4, the specimens were subjected to 200°C, 400°C, 117 

600°C and 800°C at different early ages (3, 7, 14, 28, and 56 days) and loaded on the 60th day.  118 

In the existing literature, the timeframe defined for “early age ” of concrete ranged generally from 1 119 

to 180 days, depending on specific research and concrete type[30, 31]. Apart from the simple time-based 120 

definition, Bergstrom proposed that “early age ” could also be characterized as the period before a given 121 

performance criterion reaches the specified requirements for use[32]. Given that this study examines high-122 

temperature performance under fire exposure, we adopted this performance-based definition of early age. 123 

It was observed from our tests that the mechanical properties of the UHPC became relatively stable after 124 

56 days of age. Thus, in this study concrete under 56 days old was classified as early age, which agrees 125 

with the observations from previous studies[33]. Without being exposed to high temperature, the specimen 126 

made from matured UHPC (older than 56 days) at room temperature was used as the control group (CG.), 127 

which is considered to represent mature UHPC in its service period. All specimens were cured at room 128 

temperature in a confined space, simulating the real application environment, such as in steel tube UHPC 129 

structures. A total of 105 groups of cylindrical specimens (φ100 mm × 200 mm) were prepared for the axial 130 

compressive tests. There were three specimens of the same mix design in each of the groups. 131 
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 132 
Figure 4  Specimen design 133 

2.2 Preparation of specimens 134 

The UHPC was cast using a 120 L vertical axis planetary mixer, as shown in Figure 5. Initially, the 135 

required amounts of quartz sand, coarse aggregate, P.O.52.5 cement, silica fume, fly ash, and 136 

superplasticizer were weighed and mixed continuously for 5 minutes. Next, water and polypropylene fibers 137 

were measured and mixed together thoroughly. The wet fibres were then divided into three equal portions, 138 

which were subsequently added to the cement mixer at one-minute interval. The total mixing time was 5 139 

minutes. Finally, steel fibers were added into the rotating mixer that ran for an additional 5 minutes. The 140 

fresh concrete was then poured into plastic molds treated with release agent. The cast cement was vibrated 141 

on a shaking table for 30 seconds and the surface was levelled with a trowel. To prevent moisture loss, the 142 

specimens were covered immediately with plastic film. 143 

 144 
Figure 5  The process of fabrication of tested specimens 145 

2.3 High temperature treatment 146 

As shown in Figure 6, the specimens were subjected to a controlled heating process in a ZX-DY-147 

JDQ02 electric kiln furnace. From the literature review and our preliminary tests, it was found that the 148 

UHPC was likely to burst at a temperature between 100 °C and 400 °C[14]. To prevent bursting and ensure 149 
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valid mechanical property assessments, the temperature was raised by an increment of 100°C up to 400°C 150 

and kept constant at each of the increments for 1.5 hours. This heating regime aimed to reduce temperature 151 

gradients and thermal stresses. To facilitate more effective vapor release, h a general heating rate of 1°C/min 152 

was followed. Once the target temperature was reached, it was maintained for 3 hours to achieve a near 153 

uniform temperature field within the specimens before allowing the furnace to cool naturally. 154 

  
a) Heating system b) Heating process 

Figure 6  High temperature treatment 

2.4 Mechanical tests 155 

As shown in Figure 7, the uniaxial compressive strength tests were conducted on 100 × 200 mm 156 

cylindrical specimens using an MTS electro-hydraulic servo material testing machine with a capacity of 157 

2500 kN. To ensure even force distribution, the loading surfaces of the specimens were leveled with ultra-158 

hard gypsum. After aligning a specimen for pre-loading, a 1kN force was applied to generate initial contact, 159 

followed by a displacement-controlled pre-load of 10%–20% of the expected compressive strength. The 160 

following loading proceeded at 0.002 mm/s until the peak strain was reached approximately. During the 161 

loading process, deformation of the specimen was measured using a Linear variable displacement 162 

transducer (LVDT) and a digital image correlation (DCI) system. To mitigate the end effects, measurements 163 

were taken from the middle 100 mm range of the specimen. 164 
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 165 
Figure 7  Mechanical tests 166 

2.5 Microscopic tests 167 

As shown in Figure 8, to investigate the surface morphology and the microstructure of the UHPC 168 

samples after exposure to high temperature, samples were taken first from the fractured cylinders. 169 

Fragments of approximately 5 mm in diameter and 3 mm in thickness were then immersed in anhydrous 170 

ethanol for 48 hours before being dried in a vacuum oven at 60°C for 48 hours until there was no further 171 

mass reduction. This procedure was employed to prevent further hydration of the UHPC by removing as 172 

much internal moisture as possible[34], thereby minimizing discharge phenomena during SEM examination. 173 

The samples were stored in sealed bags to prevent further water absorption and carbonation. Prior to 174 

examination, to mitigate the charging effects that can interfere with imaging process during the electron 175 

microscopy, the UHPC fragments were adhered to the sample holder using conductive adhesive and coated 176 

with gold using ion sputtering. Finally, the surface morphology and the microstructure of the samples were 177 

analyzed using the SEM, a tungsten filament scanning electron microscope (CLARA GMH) The operation 178 

was completed at an accelerating voltage of 0.5 to 30 kV with a resolution of 0.9 nm and a probe current 179 

range of 2 pA to 400 nA, and has achieved a maximum magnification of 2,000,000x. 180 

To identify the crystalline phases present in the samples and their relative contents, XRD tests were 181 

conducted. To avoid the diffraction peaks of quartz sand and other substances overshadowing the hydration 182 

products of UHPC, the tests were performed on the paste without sand. Initially, small pieces of the paste 183 

samples were ground with the assistance of anhydrous ethanol. Then, the supernatants were extracted with 184 

a dropper and dripped into a glass vial. Once the solid powder in the vial was completely settled, it was 185 

subsequently dried in a vacuum oven at 40°C for 48 hours. The powder was then analyzed using XRD 186 
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(Bruker D8 ADVANCE). The primary configuration included a Cu-target X-ray tube, a ceramic X-ray tube 187 

(2.2 kW), an optical system, a slit system, a standard sample stage, a goniometer, and a Lynxeye XET two-188 

dimensional detector. The 2θ rotation range is from -110° to 168°, and the goniometer radius is 270 mm, 189 

allowing for a continuously variable diameter of the goniometer circle. The minimum readable step size is 190 

0.0001°, with an angular reproducibility also at 0.0001°. The Lynxeye XET detector is suitable for both 191 

small- and wide-angle measurements. 192 

 193 
Figure 8  The process of the microscopic tests 194 

The porosity and pore size distribution of the samples were measured using mercury intrusion 195 

porosimetry (MIP). The specimens were cut from φ100×200 mm cylindrical blocks subjected to high 196 

temperatures at various ages, yielding cubic samples with a maximum length of approximately 10 mm. To 197 

minimize heating during the cutting process, the samples were continuously cooled down with sprinkle 198 

water. After cutting, the samples were promptly immersed in isopropanol and cleaned using an ultrasonic 199 
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cleaner. After two hours, the samples were dried in an oven at 80°C for 24 hours. The pore structure was 200 

subsequently analyzed using the AutoPore V automated mercury porosimeter, which is capable of 201 

measuring pore diameters ranging from 0.003 to 1100 micrometers. 202 

3 Mechanical analysis 203 
The experimental results of all the specimens are evaluated in this Section, including failure modes, 204 

stress-strain curves, key indicators such as compressive strength, elastic modulus, and peak strain. It should 205 

be noted that the presented results are the group averages of the tests. The error bars in the figures show the 206 

standard deviation of the test results of each group. 207 

3.1 Failure mode 208 

Figure 9 presents the failure modes of the tested specimens. It can be found that the failure morphology 209 

of the UHPC is influenced by the amounts of steel fibers and coarse aggregate. The temperature also plays 210 

a crucial role, while the age of the concrete has minimal impact on the failure morphology. Specifically, an 211 

increase of the amount of steel fibers typically enhances structural integrity of the specimens, demonstrating 212 

that the fibers have strengthened the overall structure. The specimens with lower or no steel fibers (such as 213 

S0CA00 and S1CA00) mainly exhibit brittle splitting failure at all temperature, whereas those with higher 214 

fiber content tend to show shear failure characterized by more ductile damage. The addition of coarse 215 

aggregate leads to more fine cracks around the main diagonal crack. At 200°C and 400°C, the specimens 216 

mostly display brittle failure. However, at 600°C and 800°C, except for those with no or low fiber content, 217 

the specimens exhibit more ductile damage. At 800°C, oxidation of steel fibers and crumbling of the matrix 218 

significantly alter the damage morphology. However, the age exposed to elevated temperature has minimal 219 

influence on the failure mode, indicating that the failure morphology of the UHPC is primarily determined 220 

by the micro-composition of the materials and the thermal conditions. 221 

 222 

 223 
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800 ℃ 

     
 S0CA00 S1CA00 S2CA00 S2CA15 S2CA30 

Figure 9  Failure mode of the partial specimens 224 

3.2 Stress-strain curves 225 

Figure 10 presents the full stress-strain curves of the UHPC mixtures under uniaxial compression when 226 

they are subjected to the same temperature at different ages. It can be observed that the age exposed to 227 

elevated temperature has little effect on the shape of the stress-strain curves. However, the temperature 228 

significantly affects the curves. Specifically, after exposure to 200℃, 400℃, and 600℃, a noticeable sharp 229 

drop of the curve occurs after the peak point, indicating pronounced brittleness. However, after exposure 230 

to 800℃, the curves descend gradually after the peak point, showing reduced brittleness. It can be seen also 231 

that the incorporation of steel fibers and coarse aggregates enhances the strength and ductility of the UHPC. 232 
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Figure 10  Stress–strain curves of UHPC exposed to elevated temperature at different early age 

 233 

3.3 Analysis of featured indicators 234 

To further study the mechanical properties of the UHPC specimens exposed to elevated temperatures 235 

at different early ages, the effects of various factors on the elastic modulus, peak stress, and other key 236 

properties of the specimens observed from the stress-strain curves in Section 3.2 are studied in this section. 237 

3.3.1 Compressive strength 238 

Figure 11 displays the variation of the compressive strength of the UHPC with different mixes at 239 
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various ages after exposed to elevated temperature. In the bar chart, CG. is the strength of the matured 240 

UHPC of the control group at room temperature, and the others are the residual strength after exposure to 241 

elevated temperatures at different age. The other figures show the relative strength, defined as the ratio of 242 

the compressive strength of the specimens exposed to elevated temperature at early age to that of the same 243 

specimens at room temperature, against either temperature (T) and or age (tT) when exposed to elevated 244 

temperature. 245 

The results show that the residual strength of the UHPC demonstrates an overall increasing trend as 246 

the temperature rises from ambient to 400°C. However, some specimens exhibit a decrease in strength 247 

around 200°C. This can be attributed to the evaporation of free water starting at approximately 100°C, 248 

which leads to the formation of capillary cracks and pores, thereby generating tension in the surrounding 249 

medium and resulting in a reduction of compressive strength[9]. Throughout this process, the escaping steam 250 

acts similarly to "self-curing," promoting further hydration of the cement particles, which in turn enhances 251 

compressive strength[35]. The effects of hydration and the tension generated by evaporation exhibit 252 

considerable variability. For some specimens, the effect of hydration at 200°C may be less significant than 253 

the tension induced in the medium, resulting in a slight decrease in strength. Conversely, if hydration is 254 

more dominating, strength may increase. In the temperature range from ambient to 400°C, hydration plays 255 

a dominant role, leading to a clear upward trend in strength as the temperature rises. When the temperature 256 

is between 400°C and 600°C, some internal hydration products, such as CH (Ca(OH)2, calcium hydroxide) , 257 

begin to dehydrate and decompose from around 530°C, causing concrete shrinkage and cracking. 258 

Additionally, the partial decomposition of  C-S-H (Calcium silicate hydrate) gel and the loss of crystalline 259 

water lead to the formation of capillary pores and cracks that are further expanded by the internally 260 

accumulated steam[36]. As the temperature increases to between 600°C and 800°C, the compressive strength 261 

of the UHPC is significantly reduced, primarily due to the dehydration of the C-S-H gel. 262 

 263 
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Figure 11  Residual cylinder compression strength of UHPC exposed to elevated temperature at different early age 
It can be seen from Figure 11 that the development of strength of the specimens exposed to elevated 264 

temperatures at early ages is comparatively limited when compared with the development at room 265 

temperature. This is attributed to that the younger specimens, which possess lower degrees of initial 266 

hydration and higher water content, provide a more favorable environment for pozzolanic reactions that 267 

result in a more significant enhancement in performance when they are exposed to elevated temperature. 268 
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Consequently, this narrows the gap between these specimens and those with a older age of UHPC. However, 269 

a closer analysis reveals that the age of the UHPC specimens at the time of exposure to elevated 270 

temperatures still has a notable effect on their residual compressive strength. When the exposed temperature 271 

is below 600°C, the residual compressive strength of the UHPC generally shows an upward trend with the 272 

increase of the age. This trend occurs because the older UHPC specimens contain higher amounts of C-S-273 

H gel from natural hydration. This observation is further supported by the X-ray diffraction analysis 274 

discussed later. However, there is a slight decrease in strength at 800°C, likely due to that the UHPC matrix 275 

becomes more porous and looser, facilitating carbonation reactions with the water and CO2 in the air[37], 276 

which temporarily enhances its strength. 277 
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a) Steel fiber b) Coarse aggregate 

Figure 12  The influence of steel fiber and coarse aggregate on the residual strength 

Figure 11 demonstrates that the relative compressive strength of the UHPC with the same mix ratio 278 

are similar across all different age groups when they are subjected to the same high temperatures. Therefore, 279 

the average relative strength across all different age groups are calculated to analyse the effects of steel 280 

fibers and coarse aggregates on the residual strength. As shown in Figure 12, the UHPC specimens with 2% 281 

steel fibers show a higher residual compressive strength and a superior high-temperature resistance. The 282 

good thermal conductivity of the steel fibers helps to reduce the temperature difference over the cross-283 

section, thereby reducing microcracks caused by thermal stress and helping to reduce cracking caused by 284 

concrete expansion[38]. The incorporation of coarse aggregate results in more interfaces between the 285 

aggregate and the matrix within the UHPC specimens, where the differences in thermal deformation 286 

introduce cracking, thus increasing high-temperature deterioration.  287 

3.3.2 Elastic modulus 288 

Figure 13 shows the variation of elastic modulus of the UHPC with different mixes at various ages 289 
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after exposure to elevated temperature. The bar chart presents the elastic modulus of the matured control 290 

group at room temperature (CG) alongside the residual elastic modulus after exposure to elevated 291 

temperatures at different ages. It also illustrates the relative elastic modulus, defined as the ratio of the 292 

elastic modulus at early age exposure to that at room temperature, plotted against temperature (T) or ages 293 

(tT). It is observed that the elastic modulus consistently decreases with the increase of temperature, which 294 

differs from the compressive strength of the UHPC, where an initial increase is followed by a subsequent 295 

decline. This suggests that the elastic modulus is more sensitive to elevated temperatures. Below 400°C, 296 

the high-temperature and high-pressure steam inside the UHPC promotes the formation of C-S-H gel. 297 

However, the newly formed hydration products cannot fully occupy the pores and cracks caused by high 298 

temperatures. Compared to strength, the further development of microcracks under high temperatures has 299 

a more significant negative impact on the elastic modulus. Above 400°C, as the temperature increases 300 

further, the internal pores and cracks in the UHPC increase and the structure coarsens, further reducing the 301 

elastic modulus. This has also been verified in subsequent mercury intrusion porosimetry tests. As a result, 302 

the elastic modulus of the UHPC exposed to elevated temperatures across different ages is consistently 303 

lower than that of the matured UHPC at ambient conditions. 304 

It also can be seen from Figure 13 that the elastic modulus of the UHPC at or below 400°C generally 305 

shows an upward trend with the increase of age exposed to elevated temperature. Above 400°C, the elastic 306 

modulus shows no significant change or a slight decrease with increasing age exposed to elevated 307 

temperature. After exposure to 600°C, the steam pressure environment enhances hydration and pozzolanic 308 

reactions, possibly increasing the elastic modulus of early aged UHPC due to the production of more 309 

hydration products, while the UHPC aged longer exhibits stronger resistance to high temperatures, keeping 310 

the elastic modulus relatively stable. After exposure to 800°C, the UHPC becomes more porous, which 311 

accelerates carbonation. An earlier exposure of the UHPC to high temperature lead to longer period of 312 

carbonations, thereby somewhat enhancing the elastic modulus of the material. 313 



18 
 

 

 
CG. 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T (℃)

 3d
 7d
 14d
 28d
 56d

 
0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

1.2

tT  (day)

 200   400
 600   800

 
a) S0CA00 

 
CG. 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T (℃)

 3d
 7d
 14d
 28d
 56d

 
0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

1.2

tT  (day)

 200℃   400℃
 600℃   800℃

 
b) S1CA00 

 
CG. 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T (℃)

 3d
 7d
 14d
 28d
 56d

 
0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

1.2

tT  (day)

 200℃   400℃
 600℃   800℃

 
c) S2CA00 

 
CG. 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T (℃)

 3d
 7d
 14d
 28d
 56d

 
0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

1.2

tT  (day)

 200℃   400℃
 600℃   800℃

 
d) S2CA15 

 
CG. 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T (℃)

 3d
 7d
 14d
 28d
 56d

 
0 10 20 30 40 50 60

0.0

0.2

0.4

0.6

0.8

1.0

1.2

tT  (day)

 200℃   400℃
 600℃   800℃

 
e) S2CA30 

CG. 3d 7d 14d 28d 56d
0

10

20

30

40

50

60

70

(G
Pa

)

tT  (day)

 Room    200℃   400℃
 600℃    800℃

CG. 3d 7d 14d 28d 56d
0

10

20

30

40

50

60

70

(G
Pa

)

tT  (day)

 Room    200℃   400℃
 600℃    800℃

CG. 3d 7d 14d 28d 56d
0

10

20

30

40

50

60

70

(G
Pa

)

tT  (day)

 Room    200℃   400℃
 600℃    800℃

CG. 3d 7d 14d 28d 56d
0

10

20

30

40

50

60

70

(G
Pa

)

tT  (day)

 Room    200℃   400℃
 600℃    800℃

CG. 3d 7d 14d 28d 56d
0

10

20

30

40

50

60

70

(G
Pa

)

tT  (day)

 Room    200℃   400℃
 600℃    800℃



19 
 

 

Figure 13  Elastic module of UHPC exposed to elevated temperature at different early age 

CG. 200 400 600 800
0.0

0.2

0.4

0.6

0.8

1.0

1.2

T  (℃)

 S0CA00
 S1CA00
 S2CA00

 
CG. 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

1.2

T  (℃)

 S2CA00
 S2CA15
 S2CA30

 
a) Steel fiber b)  Coarse aggregate 

Figure 14  The influence of steel fiber and coarse aggregate on elastic module 

From Figure 13, it is evident that the age exposed to elevated temperature has a minimal impact on the 314 

elastic modulus of the UHPC when they are subjected to the same temperature.  315 

The relative elastic module of the UHPC with the same mix and temperature but different ages exposed 316 

to elevated temperature are averaged to reflect the influence of the steel fibers and coarse aggregate on the 317 

relative elastic modulus, which are presented in Figure 14. It can be observed that the presence of steel 318 

fibers has a negligible effect on the relative elastic modulus. This is likely because the volume of steel fibers 319 

is small and their impact is significant only at the initial compression stage. Additionally, the introduction 320 

of coarse aggregate enhances the relative elastic modulus of the UHPC. The properties of coarse aggregates 321 

are relatively stable and less affected by high temperature. Given their higher content, the inclusion of 322 

coarse aggregates effectively mitigates the degradation of the elastic modulus. 323 

3.3.3 Peak strain  324 

Figure 15 presents the variation of peak strain and the relative peak strain, with the latter defined as 325 

the ratio of peak strain for specimens exposed to elevated temperatures at different ages to that of matured 326 

UHPC at room temperature. It is observed that the peak strain of the UHPC generally increases with rising 327 

temperatures. This increase is attributed to increased porosity and crack formation within the UHPC 328 

specimens, leading to coarsening of the pore structure and reduced cohesion between matrix components, 329 

thereby increasing the deformability of the specimens. Notably, the peak strains at 800℃ for the specimens 330 

without coarse aggregate at 7 and 14 days are lower than that of those at 600℃, possibly due to the reduced 331 

deformability of the UHPC attributable to the effect of sintering. 332 
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e) S2CA30 

Figure 15  Peak strain of UHPC exposed to elevated temperature at different early age 
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Regarding the influence of age, the peak strain of the UHPC shows a slightly upward trend with the 333 

increase of the age exposed to elevated temperature. This trend may be explained by the fact that UHPC 334 

specimens exposed to high temperatures at earlier ages have longer exposure to atmospheric CO2 during 335 

subsequent natural resting periods, leading to a higher degree of carbonation. Existing research has 336 

confirmed that carbonation contributes to increased concrete brittleness, thereby reduced deformability[39]. 337 

Consequently, the peak strain of the UHPC exposed to elevated temperature at early age is lower than that 338 

of the mature UHPC exposed to high temperatures at a later stage. 339 

It can be found also that the peak strain of the specimens without coarse aggregate at 7 and 14 days 340 

after exposure to 800°C is less than that at 600°C. This may be due to the weakened deformation capacity 341 

of the UHPC caused by sintering[40]. When the temperature reaches 575°C, the siliceous aggregate 342 

undergoes a phase transformation, resulting in a volume expansion of 0.86%[41]. Therefore, after adding 343 

coarse aggregate, the deterioration of the UHPC exposed to 800°C is more significant, and the residual 344 

deformation is greater. 345 

3.4 Unified calculation of post-fire residual stress–strain relations 346 

3.4.1 Calculation of featured indicators 347 

Based on the analyses above, it is evident that factors such as age of exposure to elevated temperature 348 

( tT ) , temperature ( T ), steel fiber content (Vsf ), and coarse aggregate content (Vca) significantly affect the 349 

residual compressive strength, elastic modulus, and peak strain of the UHPC. This section develops a 350 

mathematical expression to study further the influences of these factors.  351 

The development of the expression includes two main steps, i.e., first, based on the featured indicators 352 

of the mortar (S0CA0) , the correction factors ki,sf and ki,ca, where i denotes a featured indicator, and takes 353 

c, E and p for strength, elastic module and peak strain, respectively,  are introduced to account for the 354 

effects of steel fiber and coarse aggregate content (Vsf  and Vca) .This is to obtain the characteristic 355 

indicators of different mix designs for matured UHPC at room temperature. Next, 𝑘𝑘𝑇𝑇,𝑡𝑡𝑇𝑇
𝑎𝑎  is introduced to 356 

consider the coupling effect between the age of exposure to elevated temperature ( tT ) and temperature ( T ) 357 

on the matured UHPC at room temperature, and to derive the residual key indicators exposed to elevated 358 

temperatures at an early age. It should be noted that the modified expression for considering age and 359 

temperature must satisfy two conditions: 1) At room temperature (T=20℃), the modification parameter of 360 

temperature is 1, and the overall formula degenerates to the one for matured UHPC at room temperature; 361 
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2) At matured age (tT≥56 days), the formula degenerates to the one for matured UHPC after exposure to 362 

high temperatures. Based on the experimental results and nonlinear programming analysis, the expressions 363 

for axial compressive strength, elastic modulus, and peak strain of UHPC at different ages after high 364 

temperature exposure are derived and presented in Table 3. Figure 16 compares the formula predictions 365 

with the experimental values, demonstrating a good overall agreement. 366 

Table 1 The calculation of featured indicators 367 
Index Main formulas Sub-formulas 

Cylinder 
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a a
c T t c cT tk ff = ⋅
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Figure 16  Validation of the compressive strength, elastic modulus and peak strain 

3.4.2 Proposed stress–strain relations 369 

In previous research, several analytical models[42-44] have been proposed to simulate experimental 370 

compression stress-strain curves of concrete. The Chinese code (GB50010[44]) provides the stress-strain 371 

relations shown in Eq.(1~2), which has been successfully applied to different kinds of concrete at room and 372 
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elevated temperatures[45-47].  373 
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where 𝑥𝑥 = 𝜀𝜀0 𝜀𝜀𝑝𝑝,𝑇𝑇,𝑡𝑡𝑇𝑇
𝑎𝑎⁄ , and  𝜀𝜀 and𝜀𝜀𝑝𝑝,𝑇𝑇,𝑡𝑡𝑇𝑇

𝑎𝑎  are compressive strain and peak strain, respectively; 𝑓𝑓𝑐𝑐,𝑇𝑇,𝑡𝑡𝑇𝑇
𝑎𝑎   374 

and  𝐸𝐸𝑇𝑇,𝑡𝑡𝑇𝑇
𝑎𝑎  are strength and elastic module of the UHPC exposed to elevated temperature at early age, 375 

respectively. β is an independent factor that is associated with the shape of the descending branch of the 376 

curve. 377 

In this study, the ascending phase of the curve (for x ≤ 1) from the Chinese code (GB50010[44]) is 378 

directly adopted. However, the descending phase of the curve (for x＞1) is modified. This phase is governed 379 

by the independent factor β, which is positively correlated with strength[47]. The relationship between β and 380 

strength is established through data regression, as expressed in Eq.(3). 381 

 2
, ,0.00097( )β =

T

a
c T tf

 
(3) 
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u) S2CA30-3d v) S2CA30-7d w) S2CA30-14d S2CA30-28d x) S2CA30-56d 

Figure 17  The validation of the proposed stress-strain curve 

To validate the proposed model, the stress-strain curves for the UHPC of different mixtures are 383 

generated using the current model and are plotted in Figure 17. The comparisons show that the proposed 384 

stress-strain model can accurately simulate the test results for the UHPC specimens exposed to elevated 385 

temperature at early age. 386 

4 Microstructure analysis 387 
The above investigation on the mechanical properties of the UHPC exposed to elevated temperature 388 

at different early age has shown distinctive residual performance at the early and hardened phases. This 389 

section aims to elucidate the degradation mechanisms under coupled influences of age and temperature, 390 

with a focus on the microstructural and phase compositions of the UHPC at differing ages after thermal 391 

exposure. 392 

4.1 Scanning electron microscopy analysis 393 

Figure 18 presents the SEM images of the UHPC paste exposed to elevated temperatures at various 394 
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ages. The images capture typical temperature levels of 400℃ and 800℃, representing general and extreme 395 

high temperature conditions, respectively, alongside observations at early (3 days) and matured (56 days) 396 

ages. The microstructure of the UHPC at ambient temperature is exceptionally dense, attributed to the very 397 

low water-to-binder ratio of 0.17 and the pozzolanic reaction between portlandite and silica fume. It can be 398 

found that after a 3-day exposure to 400℃, short rod-shaped ettringite (Aft) crystals are seen within the 399 

matrix, which typically decompose entirely below 200℃.This observation suggests that the UHPC 400 

undergoes a secondary hydration over a 56-day period at ambient temperature after the high temperature 401 

exposure, resulting in the formation of new hydration products. Additionally, a substantial amount of C-S-402 

H remains present at this temperature. A part of the C-S-H results from the initial hydration process, while 403 

the others are formed through the secondary hydration as CH reacts with SiO2 from silica fume during 404 

heating. A comparative analysis with the matured specimens at ambient conditions shows an increased 405 

porosity within the matrix under the stated thermal conditions. This increase suggests that while high 406 

temperatures facilitate hydration and pozzolanic reactions, the concurrent evaporation of water and 407 

dehydration decomposition of the hydration products contribute to pore coarsening and crack formation. At 408 

the macroscopic level, this manifests as sustained compressive strength albeit a reduced elastic modulus. 409 

Furthermore, the matrix of the post 56 days UHPC at 400℃ exhibits a denser structure compared to that 410 

after 3 days, indicating enhanced resistance to thermal degradation in the hardened phase of the UHPC. 411 

Consequently, the macroscopic properties such as compressive strength and elastic modulus of the UHPC 412 

demonstrate a progressive increase with the age at 400℃. 413 
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 414 
Figure 18  SEM images of UHPC paste exposed to elevated temperature at different early age 415 

Figure 18 also presents the microstructure at 800℃, revealing substantial degradation of the UHPC 416 

structure. The material exhibits increased porosity and surface roughness, with a granular texture 417 

accompanied by numerous voids and microcracks. This deterioration is largely attributed to the 418 

decomposition of C-S-H phases. Moreover, the phase transformation of SiO2 crystals induces volumetric 419 

expansion, while ongoing dehydration promotes volumetric contraction, resulting in uneven deformation 420 

and the formation of extensive cracking. These combined effects lead to a marked reduction in compressive 421 

strength and elastic modulus, as well as an increase in peak strain when compared to the UHPC maintained 422 

under ambient conditions. 423 

At 800℃, CH is no longer detectable, although small quantities of C-S-H gel persist. This residual C-424 

S-H likely originates from the rehydration of CnS(Calcium silicate,e.g.C2S,C3S) and related compounds 425 

during the recuring phase. Specimens that underwent a 56-day initial curing exhibit even lower C-S-H 426 

content following 800℃ exposure, likely due to the shorter recuring duration, which restricts the extent of 427 

rehydration reactions. 428 

 429 

4.2 X-Ray diffraction analysis 430 

Figure 19 illustrates the XRD analysis of both the matured UHPC paste and the UHPC paste at varying 431 

ages following exposure to 400℃. The matured UHPC paste predominantly comprises chemical 432 
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constituents such as CH(Calcium hydroxide), CnS(Calcium silicate), SiO2(Silicon oxide), C-S-H(Calcium 433 

silicate hydrate), Ca2Al2O5(Dicalcium aluminate), CaCO3(Calcium carbonate), and CaO(Calcium oxide). 434 

Upon heating to 400℃, a noticeable reduction in CH and SiO2 content is observed, accompanied by a 435 

significant increase in C-S-H. This transformation is attributed to the pozzolanic reaction induced at 436 

elevated temperatures, where CH and SiO2 react to form additional C-S-H. The contents of CnS, CaCO3, 437 

and CaO, however, remain relatively unchanged. When comparing the hydration products of the UHPC 438 

paste at different ages after exposure to 400℃, it becomes apparent that the specimens with extended curing 439 

times have a higher C-S-H gel content. The formation of C-S-H gel arises mainly from two processes. The 440 

first process is natural hydration, in which the CnS phases in cement react with water to generate C-S-H gel. 441 

The second process occurs under high-temperature conditions, when CH reacts with SiO2 from silica fume 442 

in a pozzolanic reaction, producing additional C-S-H gel. For the specimens with shorter curing durations, 443 

the C-S-H gel produced through natural hydration is relatively limited, while the pozzolanic reaction 444 

contributes a greater portion of the C-S-H gel. However, the total C-S-H content remains lower than in the 445 

specimens with longer curing times. Given the positive correlation between the C-S-H content and the 446 

mechanical strength of the paste, the compressive strength of the UHPC paste exposed to 400℃ increases 447 

with curing age. These findings align well with the experimental results discussed in Section 3, further 448 

validating the observed strength development under high-temperature conditions. 449 

 450 

 

Figure 19  XRD graphs of UHPC paste exposed to 400 ℃  
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Figure 20  XRD graphs of UHPC paste exposed to 800 ℃ 

 451 

Figure 20 presents the XRD analysis results of both the matured UHPC paste and the UHPC paste at 452 

different curing ages after exposure to 800℃. Compared to the matured UHPC paste, the specimens 453 

subjected to 800℃ display a complete depletion of CH and an increase in both CaO and CaCO3 contents. 454 

This transformation occurs because CH decomposes into CaO within the 400~600℃ temperature range. 455 

During the subsequent recuring process, the CaO undergoes carbonation, generating CaCO3. Additionally, 456 

a marked reduction in C-S-H content is observed, as the high-temperature environment leads to the 457 

decomposition of C-S-H into CnS. Although some CnS may rehydrate to form limited amounts of C-S-H 458 

during recuring, the C-S-H content remains substantially lower than in the specimens cured at room 459 

temperature, leading to a significant reduction in mechanical strength after exposure to 800℃. 460 

Further comparison of the hydration products across the UHPC specimens of various curing ages 461 

exposed to 800℃ reveals that the samples with extended initial curing exhibit notably lower levels of 462 

CaCO3 and C-S-H after high-temperature exposure. This reduction is due to the shorter recuring period 463 

allowed for older specimens, which limits both the extent of carbonation and rehydration. Since CaCO3 and 464 

C-S-H positively correlate with material strength, the reduced formation of these compounds results in 465 

lower residual strength in the specimens with longer curing ages after 800℃ exposure. These findings are 466 

consistent with the macroscopic results discussed in Section 3, providing additional evidence for the impact 467 

of high-temperature exposure on UHPC microstructure and strength retention. 468 
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4.3 MIP analysis 469 

Figure 21 illustrates pore size distribution and porosity of the UHPC paste (S0CA0) at elevated 470 

temperatures and varying early ages. As temperature increases, pore coarsening is evident, with more larger 471 

pore and increased porosity. After exposure to 400°C, the porosity exceeds that observed at ambient 472 

conditions, suggesting a secondary hydration does not densify the structure. Samples aged 3 days exhibit 473 

greater porosity at 400°C than aged 56 days due to lower natural hydration, reflecting reduced resistance to 474 

thermal degradation of younger UHPC. 475 

 
 

a) Pore size distribution b) Porosity 

Figure 21  Pore distribution of UHPC paste (S0CA0) exposed to elevated temperature at different early age 

At 800°C, there is a significant increase in the proportion of large pores and overall porosity due to 476 

the dehydration and decomposition of C-S-H and CH phases. Additionally, thermal cracking occurs from 477 

uneven expansion at high temperatures, further contributing to the coarsening of the pore structure. 478 

Comparing the porosity of the specimens exposed to 800°C after 3 and 56 days of curing, the porosity of 479 

the 3-day specimen is notably lower than that of the 56-day specimen. This can be attributed to the extended 480 

post-heating curing period for the 3-day specimen, during which CaO reacts with CO₂ in the air, forming 481 

CaCO₃. Additionally, the CnS phases undergo limited reaction with the moisture in the air to produce small 482 

amounts of C-S-H, resulting in a relatively lower porosity. These observations provide valuable insights 483 

into the microstructural changes in the UHPC at elevated temperatures, and the impacts on its mechanical 484 

performance and durability across different curing ages. 485 

5 Conclusion 486 
Uniaxial compressive tests were conducted to examine the mechanical responses of UHPC exposed 487 
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to elevated temperature at early age. The impacts of the age exposed to elevated temperature, temperature, 488 

steel fiber, and aggregate content on the failure modes, strength, modulus, peak strain, and stress-strain 489 

responses were studied. Microstructural characterization was performed using X-ray diffraction and 490 

scanning electron microscopy. An empirical model was developed to predict the post-fire mechanical 491 

properties of UHPC. The following conclusions can be drawn： 492 

1) The failure morphology of the UHPC is mainly influenced by steel fiber content, coarse aggregate, and 493 

temperature, while concrete age has only minimal impact. A higher steel fiber content and coarse 494 

aggregates improve structural integrity and crack resistance, respectively. At 600°C and 800°C, a 495 

higher fiber content leads to more ductile failures, while a lower content results in brittle failures. 496 

2) The residual compressive strength of the UHPC peaks around 400°C, increasing initially with 497 

temperature and then decreasing. The strength generally increases with age up to 600°C due to 498 

improved resistance and accelerated hydration. At 800°C, strength slightly decreases with age due to 499 

porosity and carbonation reactions. Adding steel fibers enhances strength and high-temperature 500 

resistance, while coarse aggregates increase crack formation due to inconsistent thermal deformation. 501 

3) The elastic modulus of the UHPC decreases with the increase of temperatures due to the increased 502 

porosity. Age and steel fibers have little effect on elastic modulus, while coarse aggregates reduces 503 

degradation. 504 

4) The peak strain of the UHPC increases with the increase of temperature due to porosity and cracking, 505 

except at 800°C where sintering reduces deformability. Early-age specimens exposed to high 506 

temperatures show higher carbonation and brittleness, resulting in lower peak strain compared to 507 

mature specimens. 508 

5) When the temperature is below 600℃, the diffraction peaks of C-S-H gel increased with the increase 509 

of the age exposed to elevated temperature. At 800℃, the specimens of an earlier age exposed to 510 

elevated temperature have stronger diffraction peaks of C-S-H. 511 
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