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Residual Properties of Ultra-High Performance Concrete Containing
Steel-polypropylene Hybrid Fiber Exposed to Elevated Temperature at
Early Age
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Abstract: To investigate residual properties of Ultra-High Performance Concrete (UHPC) containing steel-
polypropylene hybrid fiber subjected to fire accidents during construction, uniaxial compressive tests were
carried out on UHPC exposed to elevated temperature at early age. The test parameters include the age
exposed to elevated temperature, temperature levels, steel fiber content and coarse aggregate content. Based
on the test results, failure mode, strength, elastic modulus, peak strain, and strain-stress response of the
tested specimens were analysed. Additionally, microstructures of the specimens were characterized using
X-ray diffraction and scanning electron microscopy. The test results show that up to 600°C, the residual
compressive strength of the UHPC generally increases with age due to the improved resistance and
accelerated hydration. At 800°C, the strength decreases slightly with age due to the porosity and carbonation
reactions. Finally, an empirical formula was proposed to predict the compressive strength, peak strain,
elastic modulus, and the uniaxial compressive stress-strain constitutive model of the UHPC exposed to

elevated temperature at early age.

Keywords: Ultra-High Performance Concrete; Steel-polypropylene hybrid fiber; Early age; Elevated

temperatures; Residual performance.
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Notations
f The cylinder strength, elastic module and peak strain of matured UHPC at room temperature
L, E, €
¢ ? (20°C, 56d) , respectively.
; . ; The cylinder strength, elastic module and peak strain of UHPC exposed to elevated
fc ro Er, €pr
oL otT S*T P, 7tT
’ ’ temperature at early age, respectively.
f E The cylinder strength, elastic module and peak strain of matured mortar at room temperature
&
c0 0 pO
’ ’ (20°C, 56d) , respectively.
Modified parameter considering the fire-damaged age of cylinder strength, elastic module
k', ki k!

c,Ttr ETtr & Tty
’ ’ and peak strain, respectively.

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

k.. k

c,ca E,ca £,ca . . .
’ ’ elastic module and peak strain, respectively.
Modified parameter considering the volume fraction of steel fiber of cylinder strength, elastic
k c.sf kE,Sf ke,sf

B

module and peak strain, respectively.

Modified parameter considering temperature of cylinder strength, elastic module and peak
k', k., k
et MET Mer

strain, respectively.

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

a a a
kCJT kE,tT kg,tT . .
’ ’ strain, respectively.
T, t; Temperature and the age exposed to elevated temperature, respectively.
Vca be The volume fraction of coarse aggregate and steel fiber, respectively.

1 Introduction

Post-fire assessments are critical for ensuring safety and longevity of building structures, given the
frequent occurrence of fire incidents. Fire exposure leads to thermal degradation, causing a structure to lose
its original properties. Continuing to use these compromised structures poses significant safety risks, while
demolishing them prematurely results in resource wastage. Therefore, accurately assessing residual
mechanical properties of a post-fire structure is imperative to mitigate safety risks, prevent unnecessary
demolition, and reduce resource wastage. Additionally, statistical studies ['! have indicated that there has
been an increase in the number of fire incidents occurring when a structure is under construction (Figure
1), many of which have been reported in the medium®#. As shown in Figure 2, concrete in its early age

during construction is particularly susceptible to fire damage, which subsequently impacts its performance
2
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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
reduces demand for concrete consumption and extends structure lifespan, thus lowering costs, energy
consumption, and CO; emissions, rendering it a sustainable and versatile material for construction
applications’™ °l. Post-fire mechanical properties of UHPC have direct impacts on the post fire performance
of a structure. Extensive research has been carried out worldwide on this topic. For example, researchers
conducted high-temperature loading tests, focusing on the impact of curing methods, types of fibers, and
content of coarse aggregates, etc. on the post-fire mechanical properties’-'!. They employed techniques
such as X-ray diffraction (XRD), scanning electron microscopy (SEM), mercury intrusion porosimetry
(MIP), and computed tomography (CT) to understand the mechanisms of thermal degradation ['>'¥, Post-
fire stress-strain equations were proposed for direct design calculations!'> '/, These studies provide scientific
backing for advancing engineering applications of UHPC, refining designs, and addressing practical
engineering challenges. While the behaviour of UHPC exposed to high-temperature during service has been
extensively studied in the literature, there are only limited studies on the effects of fire on a structure during
construction!!7-2,

Concrete cast in the construction period is often in its early age and subjected to complex
environmental and working conditions, such as temperature and curing conditions, impacting its
mechanical performance. The damage caused by high temperatures at the early age is distinctly different
from the damage that occurs during the service phase when exposed to high temperatures. However,

research in this area remains limited. To the authors’ knowledge, only a few researcher have conducted
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relevant studies. For instance, Wang et al.?! investigated the effect of fire damage at early age on the
residual compressive strength of UHPC. However, Wang’s study is limited to assessing fire damage at 28
days. Furthermore, the study focuses solely on compressive strength, overlooking other critical mechanical
properties such as elastic modulus, peak strain, and stress-strain relationship. Building on Wang’s research,
Li?» examined permeability of UHPC at 28 days. Additionally, Qian/?¥ studied the performance recovery
of high-temperature damaged UHPC at early age under different curing environments by testing residual
compressive and flexural strength of the UHPC that has endured high-temperature damage at 800 °C at 0,
14, and 28 days. Previous studies®*! have also investigated the effects of high-temperature curing(within
200 °C) on the performance of UHPC. Overall, these studies only qualitatively examine the effects of
temperature on the basic properties of UHPC of specific ages and temperature exposure, lacking a
systematic and quantitative investigation into the combined effect of age and temperature on the residual
performance of UHPC. Thus, there remains a significant research gap in the current literature regarding
post-fire evaluation and repair strategies for structures exposed to fires during the construction phase, which
is critical for assessing long-term safety performance of UHPC structures.

In order to fill the research gap, this paper presents uniaxial compressive test results of UHPC exposed
to elevated temperature at early age. The test parameters include the age when they were exposed to elevated
temperature, temperature, steel fiber content, and coarse aggregate. The failure modes, stress-strain curves,
and key indicators such as compressive strength, elastic modulus, and peak strain were analyzed. Empirical
stress-strain curve equations and expressions for key indicators for UHPC exposed to elevated temperature
at early age are proposed. The degradation mechanisms of the UHPC exposed to elevated temperature at
early age are studied through microscopic tests. This work provides a reference for fireproof design and
safety assessment of UHPC structures throughout their lifecycle, contributing valuable insights for its
application in fire-exposed construction scenarios.

2 Experimental program
2.1 Raw material and mix design

In the preparation of UHPC, materials were selected to ensure best possible strength and durability of
the final mix. Among them, P.I. 52.5 Portland cement, silica fume, and fly ash were used as the binder. The
water-to-binder ratio was uniformly set as 0.17. Specifically, Portland cement with a grade of 52.5 and a

density of 3.20 g/cm? was selected for its high strength. The measured compressive strengths of OPC at 3
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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
were 6.8 MPa and 9.2 MPa, respectively. Silica fume, with 95% SiO» content and a 125% activity index,
was used to enhance the mix’s cohesiveness and improve the pore structure of the UHPC. Fly ash from
Henan Borun Casting Material Co., Ltd., with a density of 2.55 g/cm?, was used. The chemical composition
of the cementitious materials was determined using an X-Ray Fluorescence Spectrometer through a
standardless quantitative analysis method, and the results are presented in Table 1. The morphology of the
cementitious materials was observed through scanning electron microscopy (SEM), the representative

images of which are shown in the Figure 3.

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

Chemical )
Na, O MgO ALOs3 SiO, SO; Fe03 P,Os CaO KO MnO ZnO  SrO
components
OPC 0.079 2.14 45 1958 3.06 3.119 0.128 6494 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 0575 30.63 4874 0.706 2611 0.247 244 125 0.016 0.013 0.060

a) OPC b) Silica fume ¢) Fly ash

Figure 3 SEM images of OPC, silica fume and fly ash
Fine quartz sand with an average particle size of approximately 250 pm and basalt coarse aggregate
of 5-10 mm were selected as the fine aggregate and coarse aggregate (CA), respectively. Copper-coated
micro-wire steel fibers of 13 mm in length with an elastic modulus of 200 GPa were added to enhance
ductility and reduce the possibility of undesired failure modes. Polypropylene fibers of 12 mm in length
and an elastic modulus of 4.24 GPa were added to the mix to prevent explosive spalling at high
temperatures!'* 231, The mixture also contained tap water and high-performance powder polycarboxylate

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

Table 2 Mix proportions and properties of UHPC (kg/m?)

Mix proportions Properties
Mix No Matrix Admixture component Cube Mass Moisture
Silica Fly strength density content

Cement fume ash FA PPF Water PPF SF CA (MPa) Kg/m? o
877 110 110 1206 12 186 1.84

SOCAO  08) (0.1) (0.1) (1.1) (0.01) (0.17) (02%) O 0 103 2495 2.83
867 108 108 1190 12 184 1.84 785

SICAD  (08)  (0.1) (0.1) (1.I) (0.01) (0.17) (02%) (1%) 9O 110 2532 231
858 107 107 1179 12 182 1.84 157

82CA0 08)  (0.1) (0.1) (L) (0.01) (0.17) (02%) (%) © 121 2554 2.10
726 91 91 998 10 154 1.84 157 375

S2CALS  (0.8)  (0.1) (0.1) (1.1)  (0.01) (0.17) (02%) (%) (15%) 127 2604 2.36
594 74 74 817 8 126 184 157 750

S2CA30 gy ) (0.1)  (L1)  (0.01)  (0.17)  (0.2%) (%)  (30%) 131 2652 2.01

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

Using the same UHPC mix??, this study prepared five types of UHPC, including three volumetric
ratios of steel fibers (0%, 1%, and 2%) and three volumetric ratios of coarse aggregates (0%, 15%, and
30%). The mix designs are denoted as ‘SiiCAjj’, where ‘S’ signifies steel fiber and ‘ii’ denotes fiber volume
fraction. ‘CA’ stands for coarse aggregate, with ‘jj’ representing its volume fraction. Detailed mix
proportions are presented in Table 2. As shown in Figure 4, the specimens were subjected to 200°C, 400°C,
600°C and 800°C at different early ages (3, 7, 14, 28, and 56 days) and loaded on the 60th day.

In the existing literature, the timeframe defined for “early age ™ of concrete ranged generally from 1
to 180 days, depending on specific research and concrete typel*® 3!l Apart from the simple time-based
definition, Bergstrom proposed that “early age ” could also be characterized as the period before a given
performance criterion reaches the specified requirements for use*?!. Given that this study examines high-
temperature performance under fire exposure, we adopted this performance-based definition of early age.
It was observed from our tests that the mechanical properties of the UHPC became relatively stable after
56 days of age. Thus, in this study concrete under 56 days old was classified as early age, which agrees
with the observations from previous studies'**!. Without being exposed to high temperature, the specimen
made from matured UHPC (older than 56 days) at room temperature was used as the control group (CG.),
which is considered to represent mature UHPC in its service period. All specimens were cured at room
temperature in a confined space, simulating the real application environment, such as in steel tube UHPC
structures. A total of 105 groups of cylindrical specimens (¢100 mm % 200 mm) were prepared for the axial
compressive tests. There were three specimens of the same mix design in each of the groups.

6
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Figure 4 Specimen design

2.2 Preparation of specimens

The UHPC was cast using a 120 L vertical axis planetary mixer, as shown in Figure 5. Initially, the
required amounts of quartz sand, coarse aggregate, P.0.52.5 cement, silica fume, fly ash, and
superplasticizer were weighed and mixed continuously for 5 minutes. Next, water and polypropylene fibers
were measured and mixed together thoroughly. The wet fibres were then divided into three equal portions,
which were subsequently added to the cement mixer at one-minute interval. The total mixing time was 5
minutes. Finally, steel fibers were added into the rotating mixer that ran for an additional 5 minutes. The
fresh concrete was then poured into plastic molds treated with release agent. The cast cement was vibrated
on a shaking table for 30 seconds and the surface was levelled with a trowel. To prevent moisture loss, the

specimens were covered immediately with plastic film.

& A\
Superplasticizer Cement \\ PPF+Water Steel fiber

Basalt e Silica fume

Quartz sand ﬁ Fly ash h
‘ Mix . Mix Mix

5 minutes 5 minutes 5 minutes

Figure 5 The process of fabrication of tested specimens

2.3 High temperature treatment
As shown in Figure 6, the specimens were subjected to a controlled heating process in a ZX-DY-
JDQO2 electric kiln furnace. From the literature review and our preliminary tests, it was found that the

UHPC was likely to burst at a temperature between 100 °C and 400 °C!'#. To prevent bursting and ensure
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valid mechanical property assessments, the temperature was raised by an increment of 100°C up to 400°C
and kept constant at each of the increments for 1.5 hours. This heating regime aimed to reduce temperature
gradients and thermal stresses. To facilitate more effective vapor release, h a general heating rate of 1°C/min
was followed. Once the target temperature was reached, it was maintained for 3 hours to achieve a near

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

3h
400

200°C 1.5h 400°C
300

200 3h 200 1.5h

1.5h 1.5h
100 100

1 °C/min Time 1 °C/min Time

400 800

300

400
200 1.5h 300
Lsh 200

100 100 |1

1 °C/min Time

a) Heating system b) Heating process

Figure 6 High temperature treatment

2.4 Mechanical tests

As shown in Figure 7, the uniaxial compressive strength tests were conducted on 100 X 200 mm
cylindrical specimens using an MTS electro-hydraulic servo material testing machine with a capacity of
2500 kN. To ensure even force distribution, the loading surfaces of the specimens were leveled with ultra-
hard gypsum. After aligning a specimen for pre-loading, a 1kN force was applied to generate initial contact,
followed by a displacement-controlled pre-load of 10%—-20% of the expected compressive strength. The
following loading proceeded at 0.002 mm/s until the peak strain was reached approximately. During the
loading process, deformation of the specimen was measured using a Linear variable displacement
transducer (LVDT) and a digital image correlation (DCI) system. To mitigate the end effects, measurements

were taken from the middle 100 mm range of the specimen.
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Figure 7 Mechanical tests
2.5 Microscopic tests

As shown in Figure 8, to investigate the surface morphology and the microstructure of the UHPC
samples after exposure to high temperature, samples were taken first from the fractured cylinders.
Fragments of approximately 5 mm in diameter and 3 mm in thickness were then immersed in anhydrous
ethanol for 48 hours before being dried in a vacuum oven at 60°C for 48 hours until there was no further
mass reduction. This procedure was employed to prevent further hydration of the UHPC by removing as
much internal moisture as possible!*¥, thereby minimizing discharge phenomena during SEM examination.
The samples were stored in sealed bags to prevent further water absorption and carbonation. Prior to
examination, to mitigate the charging effects that can interfere with imaging process during the electron
microscopy, the UHPC fragments were adhered to the sample holder using conductive adhesive and coated
with gold using ion sputtering. Finally, the surface morphology and the microstructure of the samples were
analyzed using the SEM, a tungsten filament scanning electron microscope (CLARA GMH) The operation
was completed at an accelerating voltage of 0.5 to 30 kV with a resolution of 0.9 nm and a probe current
range of 2 pA to 400 nA, and has achieved a maximum magnification of 2,000,000x.

To identify the crystalline phases present in the samples and their relative contents, XRD tests were
conducted. To avoid the diffraction peaks of quartz sand and other substances overshadowing the hydration
products of UHPC, the tests were performed on the paste without sand. Initially, small pieces of the paste
samples were ground with the assistance of anhydrous ethanol. Then, the supernatants were extracted with
a dropper and dripped into a glass vial. Once the solid powder in the vial was completely settled, it was

subsequently dried in a vacuum oven at 40°C for 48 hours. The powder was then analyzed using XRD
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(Bruker D8 ADVANCE). The primary configuration included a Cu-target X-ray tube, a ceramic X-ray tube
(2.2 kW), an optical system, a slit system, a standard sample stage, a goniometer, and a Lynxeye XET two-
dimensional detector. The 26 rotation range is from -110° to 168°, and the goniometer radius is 270 mm,
allowing for a continuously variable diameter of the goniometer circle. The minimum readable step size is
0.0001°, with an angular reproducibility also at 0.0001°. The Lynxeye XET detector is suitable for both

small- and wide-angle measurements.

e

|

Spray gold

Grind sample

Sampling Dry sample - MIP test
Figure 8 The process of the microscopic tests
The porosity and pore size distribution of the samples were measured using mercury intrusion
porosimetry (MIP). The specimens were cut from ¢100X200 mm cylindrical blocks subjected to high
temperatures at various ages, yielding cubic samples with a maximum length of approximately 10 mm. To
minimize heating during the cutting process, the samples were continuously cooled down with sprinkle
water. After cutting, the samples were promptly immersed in isopropanol and cleaned using an ultrasonic

10
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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
subsequently analyzed using the AutoPore V automated mercury porosimeter, which is capable of
measuring pore diameters ranging from 0.003 to 1100 micrometers.
3 Mechanical analysis

The experimental results of all the specimens are evaluated in this Section, including failure modes,
stress-strain curves, key indicators such as compressive strength, elastic modulus, and peak strain. It should
be noted that the presented results are the group averages of the tests. The error bars in the figures show the
standard deviation of the test results of each group.
3.1 Failure mode

Figure 9 presents the failure modes of the tested specimens. It can be found that the failure morphology
of the UHPC is influenced by the amounts of steel fibers and coarse aggregate. The temperature also plays
a crucial role, while the age of the concrete has minimal impact on the failure morphology. Specifically, an
increase of the amount of steel fibers typically enhances structural integrity of the specimens, demonstrating
that the fibers have strengthened the overall structure. The specimens with lower or no steel fibers (such as
SOCAO00 and SICA00) mainly exhibit brittle splitting failure at all temperature, whereas those with higher
fiber content tend to show shear failure characterized by more ductile damage. The addition of coarse
aggregate leads to more fine cracks around the main diagonal crack. At 200°C and 400°C, the specimens
mostly display brittle failure. However, at 600°C and 800°C, except for those with no or low fiber content,
the specimens exhibit more ductile damage. At 800°C, oxidation of steel fibers and crumbling of the matrix
significantly alter the damage morphology. However, the age exposed to elevated temperature has minimal
influence on the failure mode, indicating that the failure morphology of the UHPC is primarily determined

by the micro-composition of the materials and the thermal conditions.
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Figure 9 Failure mode of the partial specimens

3.2 Stress-strain curves

Figure 10 presents the full stress-strain curves of the UHPC mixtures under uniaxial compression when
they are subjected to the same temperature at different ages. It can be observed that the age exposed to
elevated temperature has little effect on the shape of the stress-strain curves. However, the temperature
significantly affects the curves. Specifically, after exposure to 200°C, 400°C, and 600°C, a noticeable sharp
drop of the curve occurs after the peak point, indicating pronounced brittleness. However, after exposure
to 800°C, the curves descend gradually after the peak point, showing reduced brittleness. It can be seen also

that the incorporation of steel fibers and coarse aggregates enhances the strength and ductility of the UHPC.

12



120 120 120 120
——3d —=—3d —=—3d —3d
—e—7d —a—14d —e—7d —e—7d
| —a— 14d | —v—28d ] —a— 14d —— 144
~ 80 ——28d . 8 —e—56d . 80 ——28d 801 Lo sed
.:;«_x —e— 56d a? ;:f —— 56d| E
2 =3 =3 2
o 401 o 404 o 401 © 4
0 : : ‘ : 0 : ‘ : : 0 B I 0
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5 6 7 0 1 3 2 16
£(107) £(10%) £(10%) £(109)
a) SOCA0-200°C b) SOCA0-400°C ¢) SOCA0-600°C d) SOCA0-800°C
160 0 160 — 160 — 160 —
120 :Zid 120 ——14d 1204 :Zid 120 :Zjd
= ——28d = :;gg = {2 - ——28d
E 80 ——56d E 80 E 80+ —e—56d E 80 ——56d
® Y © ©
40 40 40 40
0 T T T T 0 T T T 0 T T T T T 0 T T T T T T
0 1 2 3 4 5 0 2 4 6 8 0 1 2 3 4 5 6 0 2 4 6 8 10 12 14
£(107) £(107%) £(107) £(107)
e) SICA0-200°C f) SICA0-400°C g) SICA0-600°C h) SICA0-800°C
1 — 160 — 160 — 160 R—
—e—7d —e—7d —e—7d —e—7d
1204 ——14d 1204 —a— 14d 1204 —a— 14d 1204 —a—14d
= —v—28d = —v— 28d| = —— 28d| = —»— 28d|
E 80+ —— 56d| E 80 ——56d E 804 —— 56d E 804 ——56d
© 40 © 40 ° 40 ° 40
0 T T T T T T T 0 T T T T T T T 0 T T T T T 0 T T T T u
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8 0 2 4 6 8 10 12 0 4 8 12 16 20 24
£(107%) £(107) £(107) £(107)
1) S2CA0-200°C 1) S2CA0-400°C k) S2CA0-600°C 1) S2CA0-800°C
160 — 160 — 160 — 160 R
120 :Ed 1204 +;§g 120 :Zid 120 :Zid
= 2 @ s % 2 = 2
E 30 —*— 564 E 20 E 80 —*— 564 E 20 —*— 564
° 40 ° 40 ° 40 ° 40
0 T T T T T T i 0 T T T 0 T T T T T 0 T T T T
0 1 2 3 4 5 6 7 8 0 2 4 6 8 0 2 4 6 8 10 12 0 4 8 12 16 20
£(10%) £(10%) £(10%) £(10%)
m) S2CA15-200°C n) S2CA15-400°C 0) S2CA15-600°C p) S2CA15-800°C
1 — 160 — 160 — 160 R
1201 - 120 ——lad 120 —n 120 —u
—— 14d 234 ——14d ——14d
= —v— 28d| = e 56d = —v—28d = —v— 28d|
E %04 —— 56d| % 804 E %01 —— 56d E 80 —e—56d
© © © ©
40 40 40 404
0 T T T T T T T 0 T T T 0 T T T T T 0 T T T T
0o 1 2 3 4 5 6 7 8 0 2 4 6 8 0 2 4 6 8 10 12 0 4 8 12 16 20
£(107) £(107%) £(107) £(107%)
q) S2CA30-200°C r) S2CA30-400°C s) S2CA30-600°C t) S2CA30-800°C
Figure 10  Stress—strain curves of UHPC exposed to elevated temperature at different early age
233
234 3.3 Analysis of featured indicators
235 To further study the mechanical properties of the UHPC specimens exposed to elevated temperatures

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

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

238 3.3.1 Compressive strength

239 Figure 11 displays the variation of the compressive strength of the UHPC with different mixes at
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various ages after exposed to elevated temperature. In the bar chart, CG. is the strength of the matured
UHPC of the control group at room temperature, and the others are the residual strength after exposure to
elevated temperatures at different age. The other figures show the relative strength, defined as the ratio of
the compressive strength of the specimens exposed to elevated temperature at early age to that of the same
specimens at room temperature, against either temperature (7)) and or age (¢7) when exposed to elevated
temperature.

The results show that the residual strength of the UHPC demonstrates an overall increasing trend as
the temperature rises from ambient to 400°C. However, some specimens exhibit a decrease in strength
around 200°C. This can be attributed to the evaporation of free water starting at approximately 100°C,
which leads to the formation of capillary cracks and pores, thereby generating tension in the surrounding
medium and resulting in a reduction of compressive strength®!. Throughout this process, the escaping steam
acts similarly to "self-curing," promoting further hydration of the cement particles, which in turn enhances
compressive strength®]. The effects of hydration and the tension generated by evaporation exhibit
considerable variability. For some specimens, the effect of hydration at 200°C may be less significant than
the tension induced in the medium, resulting in a slight decrease in strength. Conversely, if hydration is
more dominating, strength may increase. In the temperature range from ambient to 400°C, hydration plays
a dominant role, leading to a clear upward trend in strength as the temperature rises. When the temperature
is between 400°C and 600°C, some internal hydration products, such as CH (Ca(OH)y, calcium hydroxide) ,
begin to dehydrate and decompose from around 530°C, causing concrete shrinkage and cracking.
Additionally, the partial decomposition of C-S-H (Calcium silicate hydrate) gel and the loss of crystalline
water lead to the formation of capillary pores and cracks that are further expanded by the internally
accumulated steam®%). As the temperature increases to between 600°C and 800°C, the compressive strength

of the UHPC is significantly reduced, primarily due to the dehydration of the C-S-H gel.
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is attributed to that the younger specimens, which possess lower degrees of initial

tr (day)

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

Figure 11
hydration and higher water content, provide a more favorable environment for pozzolanic reactions that

temperatures at early ages is comparatively limited when compared with the development at room
result in a more significant enhancement in performance when they are exposed to elevated temperature.
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Consequently, this narrows the gap between these specimens and those with a older age of UHPC. However,
a closer analysis reveals that the age of the UHPC specimens at the time of exposure to elevated
temperatures still has a notable effect on their residual compressive strength. When the exposed temperature
is below 600°C, the residual compressive strength of the UHPC generally shows an upward trend with the
increase of the age. This trend occurs because the older UHPC specimens contain higher amounts of C-S-
H gel from natural hydration. This observation is further supported by the X-ray diffraction analysis
discussed later. However, there is a slight decrease in strength at 800°C, likely due to that the UHPC matrix

37]

becomes more porous and looser, facilitating carbonation reactions with the water and CO> in the air®”),

which temporarily enhances its strength.
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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
are similar across all different age groups when they are subjected to the same high temperatures. Therefore,
the average relative strength across all different age groups are calculated to analyse the effects of steel
fibers and coarse aggregates on the residual strength. As shown in Figure 12, the UHPC specimens with 2%
steel fibers show a higher residual compressive strength and a superior high-temperature resistance. The
good thermal conductivity of the steel fibers helps to reduce the temperature difference over the cross-
section, thereby reducing microcracks caused by thermal stress and helping to reduce cracking caused by
concrete expansionl*®). The incorporation of coarse aggregate results in more interfaces between the
aggregate and the matrix within the UHPC specimens, where the differences in thermal deformation

introduce cracking, thus increasing high-temperature deterioration.
3.3.2 Elastic modulus

Figure 13 shows the variation of elastic modulus of the UHPC with different mixes at various ages
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after exposure to elevated temperature. The bar chart presents the elastic modulus of the matured control
group at room temperature (CG) alongside the residual elastic modulus after exposure to elevated
temperatures at different ages. It also illustrates the relative elastic modulus, defined as the ratio of the
elastic modulus at early age exposure to that at room temperature, plotted against temperature (7)) or ages
(7). It is observed that the elastic modulus consistently decreases with the increase of temperature, which
differs from the compressive strength of the UHPC, where an initial increase is followed by a subsequent
decline. This suggests that the elastic modulus is more sensitive to elevated temperatures. Below 400°C,
the high-temperature and high-pressure steam inside the UHPC promotes the formation of C-S-H gel.
However, the newly formed hydration products cannot fully occupy the pores and cracks caused by high
temperatures. Compared to strength, the further development of microcracks under high temperatures has
a more significant negative impact on the elastic modulus. Above 400°C, as the temperature increases
further, the internal pores and cracks in the UHPC increase and the structure coarsens, further reducing the
elastic modulus. This has also been verified in subsequent mercury intrusion porosimetry tests. As a result,
the elastic modulus of the UHPC exposed to elevated temperatures across different ages is consistently
lower than that of the matured UHPC at ambient conditions.

It also can be seen from Figure 13 that the elastic modulus of the UHPC at or below 400°C generally
shows an upward trend with the increase of age exposed to elevated temperature. Above 400°C, the elastic
modulus shows no significant change or a slight decrease with increasing age exposed to elevated
temperature. After exposure to 600°C, the steam pressure environment enhances hydration and pozzolanic
reactions, possibly increasing the elastic modulus of early aged UHPC due to the production of more
hydration products, while the UHPC aged longer exhibits stronger resistance to high temperatures, keeping
the elastic modulus relatively stable. After exposure to 800°C, the UHPC becomes more porous, which
accelerates carbonation. An earlier exposure of the UHPC to high temperature lead to longer period of

carbonations, thereby somewhat enhancing the elastic modulus of the material.
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Figure 13  Elastic module of UHPC exposed to elevated temperature at different early age
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Figure 14 The influence of steel fiber and coarse aggregate on elastic module

b) Coarse aggregate

From Figure 13, it is evident that the age exposed to elevated temperature has a minimal impact on the
elastic modulus of the UHPC when they are subjected to the same temperature.

The relative elastic module of the UHPC with the same mix and temperature but different ages exposed
to elevated temperature are averaged to reflect the influence of the steel fibers and coarse aggregate on the
relative elastic modulus, which are presented in Figure 14. It can be observed that the presence of steel
fibers has a negligible effect on the relative elastic modulus. This is likely because the volume of steel fibers
is small and their impact is significant only at the initial compression stage. Additionally, the introduction
of coarse aggregate enhances the relative elastic modulus of the UHPC. The properties of coarse aggregates
are relatively stable and less affected by high temperature. Given their higher content, the inclusion of

coarse aggregates effectively mitigates the degradation of the elastic modulus.

3.3.3 Peak strain

Figure 15 presents the variation of peak strain and the relative peak strain, with the latter defined as
the ratio of peak strain for specimens exposed to elevated temperatures at different ages to that of matured
UHPC at room temperature. It is observed that the peak strain of the UHPC generally increases with rising
temperatures. This increase is attributed to increased porosity and crack formation within the UHPC
specimens, leading to coarsening of the pore structure and reduced cohesion between matrix components,
thereby increasing the deformability of the specimens. Notably, the peak strains at 800°C for the specimens
without coarse aggregate at 7 and 14 days are lower than that of those at 600°C, possibly due to the reduced

deformability of the UHPC attributable to the effect of sintering.
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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
increase of the age exposed to elevated temperature. This trend may be explained by the fact that UHPC
specimens exposed to high temperatures at earlier ages have longer exposure to atmospheric CO> during
subsequent natural resting periods, leading to a higher degree of carbonation. Existing research has
confirmed that carbonation contributes to increased concrete brittleness, thereby reduced deformability!>*!.
Consequently, the peak strain of the UHPC exposed to elevated temperature at early age is lower than that
of the mature UHPC exposed to high temperatures at a later stage.

It can be found also that the peak strain of the specimens without coarse aggregate at 7 and 14 days
after exposure to 800°C is less than that at 600°C. This may be due to the weakened deformation capacity
of the UHPC caused by sintering!*’!. When the temperature reaches 575°C, the siliceous aggregate
undergoes a phase transformation, resulting in a volume expansion of 0.86%[*!l. Therefore, after adding

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

deformation is greater.

3.4 Unified calculation of post-fire residual stress—strain relations

3.4.1 Calculation of featured indicators

Based on the analyses above, it is evident that factors such as age of exposure to elevated temperature
(tr) , temperature ( 7'), steel fiber content (Vi ), and coarse aggregate content (V) significantly affect the
residual compressive strength, elastic modulus, and peak strain of the UHPC. This section develops a
mathematical expression to study further the influences of these factors.

The development of the expression includes two main steps, i.e., first, based on the featured indicators
of the mortar (SOCAO) , the correction factors k;srand ki ., where i denotes a featured indicator, and takes
¢, E and p for strength, elastic module and peak strain, respectively, are introduced to account for the
effects of steel fiber and coarse aggregate content (Vs and Ve,) .This is to obtain the characteristic
indicators of different mix designs for matured UHPC at room temperature. Next, k7. is introduced to
consider the coupling effect between the age of exposure to elevated temperature ( #7) and temperature ( 7°)
on the matured UHPC at room temperature, and to derive the residual key indicators exposed to elevated
temperatures at an early age. It should be noted that the modified expression for considering age and
temperature must satisfy two conditions: 1) At room temperature (T=20°C), the modification parameter of

temperature is 1, and the overall formula degenerates to the one for matured UHPC at room temperature;
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2) At matured age (¢17=56 days), the formula degenerates to the one for matured UHPC after exposure to

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

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

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

with the experimental values, demonstrating a good overall agreement.

Table 1 The calculation of featured indicators

Index Main formulas Sub-formulas
f; = kc,CA .kc,S 'f;:O kca,T,tT :1+(kca,T _1).kca,tr
2
Cylind T-20 T-20
vin e; flre =kl f. ko =1+0.92V, ke, =-2.45 +1.04 +1
strengt w v ’ 1000 1000
— 2 a _ ~1.94¢
ke, =1+3.98V, =2.45V kc,tr =l-e 77
E= kE,CA 'kE,s -E, kgr., = 1+(k§,r _1)'1‘;,1,
Elastic ¢ _ ga _ . 7-20Y T-20
coduie Ery =kpg, E kg =1+0.56V, ke, =—0.54( 000 j —0.68( 000 )+1
2 a -1.99¢
kg =142.120,-2.63V2 ki, =1-¢'"
—_ . . a _ a . a
gp - ks,CA k.s,S ng kg,T,tT _1+kg,T kg,tT
2
Peak T-20 T-20
g =kl 6, k.,=1-0.15V, ke, =1.03 +1.35 +1
strain ' 1000 1000
— a _ ~1.12¢
k,, =1+13.127, ke, =1-e
200 60 10
—_ Mean:0.963 = Mean:1.02 — Mean:1.0
émo‘ Variance:0.02 & Variance:0.03 I\% 81 Variance:0.01
o " o 401 e o S P m
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Figure 16 Validation of the compressive strength, elastic modulus and peak strain

3.4.2

Proposed stress—strain relations

In previous research, several analytical models*>**! have been proposed to simulate experimental

compression stress-strain curves of concrete. The Chinese code (GB5001044)) provides the stress-strain

relations shown in Eq.(1~2), which has been successfully applied to different kinds of concrete at room and
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where x = &y/&5r¢,and & andegr .. are compressive strain and peak strain, respectively; fir ..

and Ef . are strength and elastic module of the UHPC exposed to elevated temperature at early age,

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

curve.

In this study, the ascending phase of the curve (for x < 1) from the Chinese code (GB50010M4]) is

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

by the independent factor 8, which is positively correlated with strength!”). The relationship between f and

strength is established through data regression, as expressed in Eq.(3).
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Figure 17 The validation of the proposed stress-strain curve
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To validate the proposed model, the stress-strain curves for the UHPC of different mixtures are

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

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

temperature at early age.

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

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

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

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

exposure.

4.1 Scanning electron microscopy analysis

Figure 18 presents the SEM images of the UHPC paste exposed to elevated temperatures at various
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ages. The images capture typical temperature levels of 400°C and 800°C, representing general and extreme
high temperature conditions, respectively, alongside observations at early (3 days) and matured (56 days)
ages. The microstructure of the UHPC at ambient temperature is exceptionally dense, attributed to the very
low water-to-binder ratio of 0.17 and the pozzolanic reaction between portlandite and silica fume. It can be
found that after a 3-day exposure to 400°C, short rod-shaped ettringite (Aft) crystals are seen within the
matrix, which typically decompose entirely below 200°C.This observation suggests that the UHPC
undergoes a secondary hydration over a 56-day period at ambient temperature after the high temperature
exposure, resulting in the formation of new hydration products. Additionally, a substantial amount of C-S-
H remains present at this temperature. A part of the C-S-H results from the initial hydration process, while
the others are formed through the secondary hydration as CH reacts with SiO from silica fume during
heating. A comparative analysis with the matured specimens at ambient conditions shows an increased
porosity within the matrix under the stated thermal conditions. This increase suggests that while high
temperatures facilitate hydration and pozzolanic reactions, the concurrent evaporation of water and
dehydration decomposition of the hydration products contribute to pore coarsening and crack formation. At
the macroscopic level, this manifests as sustained compressive strength albeit a reduced elastic modulus.
Furthermore, the matrix of the post 56 days UHPC at 400°C exhibits a denser structure compared to that
after 3 days, indica