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Abstract. This study examines the high-temperature behavior of ultra-high-
performance concrete (UHPC) formulated with aluminate cement and various
fiber and aggregate combinations. Key performance metrics, including com-
pressive strength, mass loss, hydration characteristics, porosity, and micro-
structural changes, were evaluated across a temperature range of 200°C to
1000°C. The developed aluminate cement-based UHPC exhibited stable
strength development over time. Under high-temperature exposure, UHPC con-
taining sintered bauxite sand demonstrated superior resistance to surface crack-
ing and lower mass loss than UHPC with quartz sand. Compressive strength in-
creased at 200°C due to continued hydration and crystallization but declined
significantly at higher temperatures due to dehydration and structural cracking.
XRD and DSC analyses identified temperature-dependent phase transfor-
mations, leading to mass loss and strength reduction. SEM and porosity anal-
yses revealed microstructural changes, including fiber degradation and pore ex-
pansion, particularly beyond 800°C. The results indicate that UHPC formula-
tions combining both sintered bauxite sand and quartz sand with steel and PVA
fibers exhibit improved high-temperature resistance.

Keywords: High temperature performance, UHPC; Compressive strength;
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1 Introduction

In response to higher performance requirements on concrete materials, ultra-high-
performance concrete (UHPC) has emerged, offering exceptional strength, durability,
and toughness (2. Currently, UHPC is widely applied in fields such as high-rise
buildings P, high-corrosion-resistance structures 4, and protective structures against
explosions B and radiation I,
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In the power sector, ultra-high voltage converter stations are vital for direct current
transmission systems. The valve hall, which houses key equipment like converter
valves, has bushing openings on its firewall that pose structural vulnerabilities. Trans-
formers in operation contain large volumes of insulating oil, creating significant fire
and explosion risks during internal faults, with temperatures potentially exceeding
1000°C within 30 minutes. Current sealing systems, such as fireproof boards and blast
doors, fail to fully resist explosion impacts. This highlights the urgent need for a
lightweight, high-performance sealing material with superior resistance to high tem-
peratures and explosions. UHPC, enhanced with steel fibers for added thermal re-
sistance, offers a promising solution for these applications.

While UHPC improve mechanical performance, they also increase its susceptibility
to strength loss at high temperatures -8, There were plenty of studies carried out to
investigate the high-temperature performance of the UHPC. Yang et al. ! found that
blending 1% steel fibers with 2% polypropylene fibers effectively suppressed spalling
of UHPC at high temperatures. Peng et al. ' observed that UHPC with coarse aggre-
gates exhibited better high-temperature resistance. Wu et al. [''l reported that adding
0.4% polypropylene fibers reduced early-stage spalling of UHPC. Besides, Yang et al.
(12 also found that UHPC specimens without steel fibers suffered severer spalling at
high temperature.

The poor high-temperature performance of conventional UHPC is largely due to
the presence of Portland cement in its mix. The primary hydration products of Port-
land cement—calcium hydroxide and calcium silicate hydrate gel-—become unstable
at elevated temperatures, resulting in reduced thermal performance ['31. To overcome
this limitation, aluminate cement offers a promising alternative. Unlike Portland ce-
ment, aluminate cement does not produce calcium hydroxide, minimizing stress from
dehydration at high temperatures. Additionally, calcium aluminate in aluminate ce-
ment generates reactive alumina when heated, which reacts with refractory aggregates
to form high-melting-point minerals!'¥, This suggests that replacing Portland cement
with aluminate cement could significantly improve UHPC’s fire resistance. Despite
its potential, research on the high-temperature behavior of aluminate cement-based
UHPC remains limited, necessitating further investigation.

This study investigates the high-temperature performance of aluminate cement-
based UHPC. The effects of fiber and aggregate types on UHPC’s appearance, mass
loss, mechanical performance, and hydration are analyzed at elevated temperatures.
Microstructural analyses were performed to examine microscale mechanisms underly-
ing the performance of aluminate cement-based UHPC, providing theoretical and
experimental insights to support its application in high-temperature-resistant designs.

2 Materials and Methods

2.1  Materials and Mix Proportions

The cement used in this study is CA50-I grade aluminate cement. The supplementary
admixture consisted primarily of silica fume and ground granulated blast furnace slag
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(GGBFS), with a 28-day activity index 110% and a water demand ratio 100%. The
water reducer is a polycarboxylate-based superplasticizer, which achieves a water
reduction rate of 30%. Quartz sand had a fineness modulus of 2.2. Sintered bauxite
sand had a fineness modulus of 2.9 and an alumina content over 75%. Tap water was
used. The steel fibers are end-hooked type 304 stainless steel fibers with a length of
14 mm and a diameter of 0.2 mm. Polyvinyl alcohol (PVA) fibers had a length of 12
mm, a diameter of 0.04 mm, and a tensile strength of 900 MPa. To investigate the
effect of different aggregate and fibers, five mix proportions were designed and pre-
pared, as shown in Table 1. Specimens S1F1, S2F1, and S3F1 were designed to in-
vestigate three aggregate combinations: only sintered bauxite sand, only quartz sand,
and a mix of sintered bauxite sand and quartz sand, respectively. Similarly, specimens
S3F1, S3F2, and S3F3 explored three fiber combinations: both PVA and steel fibers,
only steel fibers, and only PVA fibers, respectively.

Table 1. Mix proportions for aluminate cement-based UHPC (kg/m?).

Sintered Quartz Water Water Steel PVA

ID Cement Supplementary bauxite  sand reducer fiber fiber
admixture
sand

S1F1 500 445 1040 0 140 40 120 1.5
S2F1 500 445 0 1040 140 40 120 1.5
S3F1 500 445 520 520 140 40 120 1.5
S3F2 500 445 520 520 140 40 120 0
S3F3 500 445 520 520 140 40 0 1.5

2.2 Sample Preparation and Testing

Samples were prepared using an HJS-100 twin-shaft concrete mixer. The fine aggre-
gate and fibers were first stirred for 2 mins. Cement and admixtures were then added
and mixed for an additional 2 mins. Subsequently, water and a water-reducing agent
were incorporated, and the mixture was stirred for a further 8 minutes, resulting in a
total mixing time of 12 mins. Cubic samples measuring 100 x 100 x 100 mm?* were
cast. The cast UHPC samples underwent a 24-hour curing period with film-covered,
moisture-retained conditions before demolding. Following this, they were placed in a
far-infrared dry heat curing chamber for high-temperature curing. The temperature
was gradually raised from room temperature to 85°C at a rate of 15°C per hour and
maintained at 85°C for 48 hours. The specimens were then cooled to room tempera-
ture at a rate not exceeding 15°C per hour and subsequently stored at room tempera-
ture until testing. Compressive strength tests were conducted in accordance with the
Chinese standard GB/T 31387-2015 5], To assess the strength development, com-
pressive strength was measured at 7, 90, 180, and 270 days after casting.

As potential fire exposure in the power sector can reach up to 1000°C, this study
investigated the performance of UHPC at five target temperatures: 200°C, 400°C,
600°C, 800°C, and 1000°C. Specimens were heated in a box furnace following the
heating curve shown in Fig. 1, with a controlled heating rate of 20°C per minute.
Once the target temperature was reached, specimens were exposed at that temperature
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for 3 hours, after which the furnace was turned off, and the door was opened to allow
natural cooling. After cooling to room temperature, the compressive strength of the
specimens was measured according to the Chinese standard GB/T 31387-2015 3] to
evaluate the effects of high-temperature exposure. The mass of each specimen was
recorded using an electronic scale before and after high-temperature treatment to cal-
culate the mass loss rate. All tests were conducted at room temperature.
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Fig. 1. Heating curve for high temperature testing

Microscopic analyses were conducted to examine the microstructural characteris-
tics of the specimens. Following the compressive strength tests, samples were extract-
ed for scanning electron microscopy (SEM) imaging and porosity analysis. These
samples were promptly placed in plastic bottles containing anhydrous ethanol to halt
hydration, sealed, and stored in a cool, dry environment for subsequent examination.
The microstructure was analyzed using a HITACHI-SU8220 ultra-high-resolution
field-emission SEM, following the manufacturer's operational guidelines. Porosity
and pore distribution were measured using a Micromeritics AutoPore IV 9500 mercu-
ry intrusion porosimeter, adhering to the instrument's user instructions. Furthermore,
powdered specimens were subjected to thermal and phase analysis using a Rigaku-
SmartLab SE multifunctional X-ray diffractometer (XRD) and a TA Discovery TGA
550 thermogravimetric analyzer (TG-DSC), adhering to the instrument's user instruc-
tions. These analyses provided comprehensive insights into the microstructural and
thermal behavior of the UHPC specimens.

3 Results and Discussion

3.1 Compressive Strength Development Over Time

Fig. 2 presents the compressive strength of aluminate cement-based UHPC at differ-
ent curing ages. The UHPC specimen containing only quartz sand (S2F1) exhibited
higher compressive strength compared to the specimen with only sintered bauxite
sand (S1F1). Additionally, the specimen reinforced solely with steel fibers (S3F2)
demonstrated superior compressive strength compared to the specimen reinforced
with PVA fibers (S3F3). As observed, specimens subjected to 48 hours of curing at
85°C, followed by natural curing, exhibited a gradual increase in compressive
strength over time. The compressive strength of all UHPC specimens at 270 days was
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5-10% higher than that at 7 days, with no indications of strength retrogression. This
stability in strength is largely attributed to the reaction between silica fume and slag in
the supplementary admixture with aluminate cement, leading to the formation of sta-
ble C;ASHg compounds. These compounds modify the hydration pathway of alumi-
nate cement, effectively preventing strength retrogression associated with the crystal-
line phase transformation of aluminate cement at later stages. Additionally, a reduced
water-cement ratio further contributes to slowing down the rate of crystalline trans-
formation in aluminate cement concrete. Early high-temperature curing also facilitates
the formation of C3AHs, promoting stable and sustained high strength over time!'®,
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Fig. 2. Strength development of the aluminate cement-based UHPC

3.2  Appearance after High Temperature Exposure

Table 2 summarizes the appearance (specifically, the presence of cracks) of UHPC
samples before and after heat treatment at various temperatures. UHPC specimens
containing only quartz sand as the aggregate (S2F1) began to exhibit surface cracks at
600°C, which is a lower onset temperature compared to specimens with 50% sintered
bauxite aggregate (S3F1, S3F2, S3F3) and those with only sintered bauxite aggregate
(S1F1). These results indicate that sintered bauxite provides superior performance in
enhancing the high-temperature resistance of UHPC compared to quartz sand.

All specimens displayed similar behavior as the temperature increased. The ap-
pearance of specimen S3F1, representative of this trend, is shown in Fig. 3. As illus-
trated in Fig. 3 (a-c), specimens subjected to temperatures below 400°C showed no
significant changes in color or surface cracking. However, as shown in Fig. 3(d-f),
exposure to temperatures above 600°C led to gradual darkening and yellowish discol-
oration. Surface cracks became noticeable at temperatures exceeding 800°C (see Fig.
3 (e)), with further crack development observed after exposure to 1000°C.

Table 2. Summary of appearance of all UHPC samples before and after heat treatment

After After

800°C 1000°C
S1F1  No Cracking  No Cracking No Cracking No Cracking Cracking  Cracking
S2F1  No Cracking  No Cracking No Cracking Cracking Cracking  Cracking
S3F1  No Cracking  No Cracking No Cracking No Cracking Cracking  Cracking
S3F2  No Cracking  No Cracking No Cracking No Cracking Cracking  Cracking
S3F3  No Cracking  No Cracking No Cracking No Cracking Cracking  Cracking

1D Before After 200°C After 400°C After 600°C
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Fig. 3. Appearance of the UHPC sample S3F1 before and after heat treatment

3.3  Mass Loss after High Temperature Exposure

Fig. 4 shows the mass loss of UHPC samples after exposure to various temperatures.
As illustrated, the mass loss increased with rising temperature. Concrete undergoes
mass loss at elevated temperatures due to factors such as moisture evaporation, dehy-
dration and decomposition of hydration products, and phase transformations within
hydration products and aggregates. Consequently, the mass loss at high temperatures
provides insight into changes occurring within the internal structure of concrete.
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Fig. 4. Mass loss of all UHPC samples before and after high temperature treatment

All samples displayed a similar trend in mass loss. The specimen with only quartz
sand showed higher mass loss than the others, aligning with the appearance observa-
tions described in the previous section. This finding further confirms that sintered
bauxite sand enhances the high-temperature performance of UHPC more effectively
than quartz sand. Overall, the effects of aggregate type and fiber addition on mass loss
were minor. Notably, as the temperature increased from 200°C to 400°C, the mass
loss rate of all samples rose sharply from about 1% to about 6%, indicating a 5% in-
crease. This pronounced rise in mass loss suggests that significant transformations
within the hardened cement matrix likely occur within this temperature range, leading
to the formation of volatile compounds that evaporate at high temperatures.
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3.4  Compressive Strength after High Temperature Exposure

Fig. 5 presents the compressive strength of UHPC samples following exposure to
various high temperatures. After high-temperature curing, the compressive strength of
the aluminate cement-based UHPC at the room temperature was generally around 150
MPa. As shown in Fig. S, the compressive strength of the UHPC initially increases
with temperature, reaching a peak at 200°C, before decreasing at higher temperatures.
At 200°C, further hydration and crystallization of the aluminate cement occur, with
hydration products filling internal pores and enhancing UHPC strength. Samples
S3F1 and S1F1 exhibited the highest strength increases, rising by 30-34%, followed
by a 20% increase in S3F3, while Samples S3F2 and S2F1 showed only an 11% in-
crease. However, as temperatures exceeded 200°C, compressive strength began to
decline, dropping to approximately 50% of the initial strength at 1000°C.
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Fig. 5. Compressive strength of UHPC samples before and after high temperature treatment

When comparing different aggregate types, Sample S1F1 (containing only sintered
bauxite sand) retained 97% and 48% of its original strength after exposure to 600°C
and 1000°C, respectively, while Sample S2F1 (containing only quartz sand) retained
85% and 45% of its original strength at the same temperatures. The slower rate of
strength decline in Sample S1F1 indicates that sintered bauxite sand provides greater
stability than quartz sand, particularly at temperatures up to 600°C, making it a more
advantageous choice for enhancing the high-temperature performance of aluminate
cement-based UHPC. Additionally, Sample S3F1, which used a combination of sin-
tered bauxite sand and quartz sand, retained 103% and 56% of its original strength
after exposure to 600°C and 1000°C, respectively, indicating a coupling effect of both
aggregates that provides better performance than using either aggregate alone.

Further comparisons among samples with different fiber types reveal notable dif-
ferences. Sample S3F3, containing only PVA fibers, retained 86%, 73%, 40%, and
33% of its original strength after exposure to 400°C, 600°C, 800°C, and 1000°C,
respectively. In contrast, Sample S3F2, containing only steel fibers, retained 86%,
88%, 62%, and 45% of its strength at these temperatures. The slower rate of strength
decline in Sample S3F2 suggests that steel fibers are more effective than PVA fibers
at improving high-temperature performance. Moreover, Sample S3F1, incorporating
both steel and PVA fibers, retained 109%, 103%, 74%, and 56% of its strength after
exposure to 400°C, 600°C, 800°C, and 1000°C, respectively, indicating an even
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slower rate of decline compared to Sample S3F2. This suggests a synergistic effect
between steel and PVA fibers, resulting in superior high-temperature performance.

3.5 Hydration Analysis

To identify the hydration products in aluminate cement-based UHPC, XRD and TG
analyses were conducted on UHPC samples exposed to various high temperatures,
with sample S3F1 selected for representative purposes. The XRD results are dis-
played in Fig. 6, while the differential scanning calorimetry (DSC) curve from the TG
analysis is shown in Fig. 7.
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Fig. 6. XRD results of aluminate cement-based UHPC sample S3F1
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Fig. 7. DSC of aluminate cement-based UHPC sample S3F1

According to the XRD results in Fig. 6, the primary hydration product observed in
the sample prior to high-temperature treatment was C2ASHs. Generally, calcium alu-
minate in aluminate cement initially hydrates to form CAHio and C:AHs. However,
when the ambient temperature exceeds 30°C, these products transform into CsAHe.
The incorporation of silica fume and slag reacts with these hydration products, stabi-
lizing C2ASHs as the main compound. This explains the presence of C2:ASHs and the
absence of CAHiw, C2AHs, and CsAHs in the sample. As the exposure temperature
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increased, C2ASHs disappeared, and C:AS began to form. This transition occurs be-
cause C2ASHs dehydrates at temperatures above 200°C, converting into C2AS (171,
The initial phase of this transformation leads to a loosening of the UHPC structure
and a reduction in strength. In the subsequent phase, the continuous crystallization of
C2AS at elevated temperatures results in volume expansion, further damaging the
UHPC structure and causing a notable decline in strength. Additionally, under high-
temperature conditions with moisture, C2ASHs may decompose into boehmite
(Alz:Os-H20) and hydrated garnet C;ASH4 (3Ca0O-Al20Os-Si02-4H:0). The presence of
Al:0Os in the XRD pattern for samples exposed to temperatures above 800°C indicates
this decomposition. The dehydration and decomposition of C2ASHs contribute signif-
icantly to the observed strength and mass losses after high-temperature exposure.

As observed in the DSC curves in Fig. 7, an endothermic peak around 100°C in the
sample before high-temperature treatment indicates the evaporation of free water. The
endothermic peak at approximately 248°C corresponds to the dehydration of C:ASHs
into C2AS. An endothermic peak around 690°C signifies the dehydration of boehmite
(Alz:Os-H20), resulting in y-AlLOs formation. The exothermic peak at 870°C corre-
sponds to the transformation of quartz to cristobalite, a process involving crystal
structure reconstruction. This transformation causes approximately 16% expansion in
the quartz volume, leading to deformation and crack formation '8, Another exother-
mic peak at 949.3°C is associated with the crystallization of C2AS '), after which the
crystal structure of C:AS becomes more complete. Following high-temperature treat-
ments, these endothermic and exothermic peaks disappear, indicating that all reac-
tions and transformations associated with these temperatures were completed during
heat treatment. The crystallization of C:AS after 949.3°C exhibits anisotropic expan-
sion, differing from the thermal expansion rates of steel fibers and hydration products.
This mismatch leads to separation between the steel fibers and cement matrix, result-
ing in cracking and strength reduction after high-temperature treatment at 1000°C.
Overall, the observations from the DSC curves align well with those from the XRD
patterns.
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Fig. 8. Porosity analysis of aluminate cement-based UHPC sample S3F1

3.6  Porosity and Microscope Analysis

The porosity of the UHPC sample S3F1 is presented in Fig. 8. As the exposure tem-
perature increases to 400°C, both porosity and mean pore diameter gradually increase,
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primarily due to the evaporation of free water and dehydration of C2ASHs. From
400°C to 600°C, continuous crystallization of C2AS causes expansion, reducing po-
rosity and partially compensating for strength loss. This aligns with the observations
in Fig. 5, where the strength loss between 400°C and 600°C is slight. As the tempera-
ture rises from 600°C to 800°C, the dehydration of boehmite (AL:Os-H.0O) results in
increased porosity and larger pore diameters. When the exposure temperature reaches
1000°C, expansion due to C:AS crystallization leads to cracking, significantly in-
creasing pore diameters. Additionally, the transformation of quartz to cristobalite at
this stage contributes to expansion, which reduces porosity to some extent.

erature exposure

Fig. 9. Scanning electron microscope of aluminate cement-based UHPC sample S3F1

The SEM images of the UHPC sample S3F1 after high-temperature exposure are
shown in Fig. 9. Before high-temperature treatment, a tight bond between the aggre-
gate and fiber is evident (see Fig. 9(a)), along with a dense matrix structure, which
contributes to the high strength of UHPC. After exposure to 200°C, the SEM image
(see Fig. 9(b)) also reveals a highly compact matrix between the paste and aggregates.
This is due to further crystallization of hydration products at 200°C, which enhances
microstructural density and results in a notable increase in strength. After exposure to
800°C, SEM images (see Fig. 9(c)) reveal the formation of cracks between the paste
and aggregate, as well as within the paste itself. These cracks are likely caused by the
decomposition of PVA fibers at high temperatures, which enlarges the pores in the
UHPC matrix. The degraded PVA fibers and increased porosity together result in a
significant reduction in UHPC strength and noticeable mass loss. Following exposure
to 1000°C, these phenomena become more pronounced. The SEM image (see Fig.
9(d) shows extensive internal cracking, fiber detachment, and a loosening of the
UHPC structure, all of which contribute to a marked decline in both strength and
mass.
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4

Conclusion

This study investigated the effects of high-temperature on compressive strength, mass
loss, hydration, and microstructure of aluminate cement-based UHPC with various
fiber and aggregate combinations. The key findings are summarized as follows:

[ 4

The developed UHPC demonstrated increasing compressive strength over time.
This stability is primarily attributed to the formation of stable C2ASHs through the
reaction of silica fume and slag with aluminate cement.

UHPC samples with sintered bauxite sand exhibited greater resistance to surface
cracking and lower mass loss after high-temperature exposure compared to those
with quartz sand.

The compressive strength of UHPC samples increased initially, and then declined
significantly due to dehydration and cracking. Samples incorporating both steel
and PVA fibers, along with a blend of sintered bauxite and quartz sand, showed
improved performance.

XRD and DSC analyses identified C2ASHs as the primary hydration product after
high-temperature curing, with a transition to C:AS and other phases occurring as
temperature increases. This contributes to mass loss and strength reduction.

Both porosity and mean pore diameter increased with temperature up to 400°C A
temporary reduction in porosity was observed between 400°C and 600°C due to
C:AS crystallization. Above 800°C, substantial increases in porosity and pore size
occurred due to structural cracking.

SEM images revealed a dense microstructure in samples exposed to 200°C. How-
ever, temperatures exceeding 800°C caused significant internal cracking and fiber
detachment, which resulted in reduced strength.
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