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A B S T R A C T

Concrete structures in polar region and liquefied gas storage system need to be designed against
combined low temperature and dynamic loads. Understanding the mechanical behaviour of
concrete under these extreme conditions is critical for ensuring the structural integrity and safety.
This study presents an experimental investigation on the dynamic compressive and splitting
tensile performance of UHPC subjected to low temperatures of − 70 ◦C and − 160 ◦C. The
compressive and splitting tensile strengths of UHPC were examined at various strain rates
(40–160 s− 1 for compression, 20–80 s− 1 for splitting tension) and temperature conditions (at 20,
-70 and − 160 ◦C) via Split Hopkinson Pressure Bar (SHPB) device. The dynamic compressive as
well as splitting tensile strengths of UHPC increased significantly with rose of the strain rate. The
dynamic increase factors in compression (CDIFs) decreased with the decline in temperature. The
compressive strength under a strain rate of 120 s− 1 at ambient temperature were approximately
1.09 and 1.16 times higher than at − 70 and − 160 ◦C, respectively. On the other hand, an opposite
behaviour was observed for the dynamic increase factors in split tension (TDIFs) of UHPC, i.e.,
TDIFs rose as the temperature decreased. Based on the experimental data, it showed that the
TDIFs at − 70 and − 160 ◦C were nearly 1.16 and 1.21 times higher than at 20 ◦C at the specified
strain rate 60 s− 1.

1. Introduction

Concrete material is widely used in civil infrastructure under low temperature environments such as All Concrete Liquified Natural
Gas (ACLNG) storage tank which exposed to cryogenic temperature around − 165 ◦C [1–3]. These critical structures face threats from
dynamic loads, e.g., impact and blast loadings. Consequently, a thorough grasp of the mechanical behaviour and failure mechanisms of
concrete across various strain rates is crucial, along with the development of materials and structures capable of enduring dynamic
loads and low or cryogenic temperature conditions.
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Large number of researches have been devoted to the mechanical properties of normal strength concrete (NSC) at low and cryo-
genic temperature [4–7]. Rostasy and Wiedemann [8] have conducted a test to investigate the effect of cryogenic temperature to the
compressive strength of NSC. The test results indicated that the compressive strength for NSC with Portland cement at − 170 ◦C was
approximately three times greater than at 20 ◦C. Some of the scholars such as Berne [9] and Rostásy and Pusch [10], they analysed the
changes of splitting tensile strength of NSC at cryogenic temperature. Their tests results showed that the splitting tensile strength of
NSC at − 170 ◦C was roughly two times greater than at 20 ◦C. A comprehensive literature review been conducted by Van [11], Lin et al.
[12] and Huo et al. [13]. The results emphasised an enhancement of NSC performance such as compressive, tensile strength and
modulus elasticity etc., which was owing to the phase transition of pore water within the concrete matrix at low/cryogenic temper-
ature. However, concrete under low temperature is more brittle, and prone to cracking [12].

Ultra-high performance concrete (UHPC) emerges as a premium alternative to conventional concrete with its exceptional strength,
durability and improved resistance to cracking [14]. Some researchers examined the fundamental mechanical properties of UHPC at
low and cryogenic temperature. Kim et al. [15,16] investigated the compressive and tensile behaviour of UHPC at − 170 ◦C. Exposure
to extremely low temperatures resulted in a significant enhancement in the mechanical properties of the material. For example, UHPC
specimens containing 19.5 mm steel fibres, compressive strength was increased by 46.3 %, tensile strength by 34.4 % and fracture
energy by 52.4 % at − 170 ◦C compared to values at ambient temperature. Liu et al. [17] conducted three-point and four-point bending
tests to find out the flexural and fracture behaviour of UHPC with temperate ranging from 20 ◦C to − 30, − 60, − 90, − 120 and − 160 ◦C.
The flexural peak loads were 1.08, 1.26, 1.28, 1.61, and 1.60 times greater at − 30, − 60, − 90, − 120 and − 160 ◦C, respectively,
compared to the load at 20 ◦C with specimen dimension 515 × 100 × 100 (length × height × width in mm). In addition, the fracture
energy of UHPC increased by 1.53, 1.61, 1.63, 1.85, and 1.87 times at − 30, − 60, − 90, − 120 and − 160 ◦C, respectively, compared to
the value at 20 ◦C. Compared to the experiment results from Xie et al. [18] (who has conducted the three-point bending tests for
conventional concrete from 20 ◦C to − 80 ◦Cwith the same dimension above), it showed that the fracture energy dramatically increased
by 99.38 % and 99.49 % for UHPC specimens at − 30 and − 60 ◦C, respectively. The increased fracture resistance of UHPC was
attributed to the freezing of pore water into ice, which can enhance the interfacial adhesion between steel fibres and the UHPC matrix.
Zhang et al. [19] explored the flexural performance of UHPC under six temperature conditions, ranging from 200 ◦C to cryogenic
temperatures, using acoustic emission (AE) technology to identify cracking characteristics. Results revealed that exposure to in-situ
− 170 ◦C signally enhanced flexural strength nearly 2 times greater than the values at room temperature. This improvement was
attributed to frozen water acting as a barrier to microcrack propagation, increased frictional resistance from hardened cement grains,
and improved bond strength between steel fibres and the cement matrix. However, despite these enhancements, UHPC at − 170 ◦C
exhibited reduced ductility, characterised by steeper post-peak load decreased and higher energy release rates. AE results showed
stronger signals and a higher proportion of shear cracks in the linear-elastic stage at − 170 ◦C. While at − 170 ◦C condition significantly
boosted strength and toughness, it also led to a trade-off in ductility, with the deflection ductility coefficient decreasing by 53.0 %
compared to ambient temperature. To address the negative effects of early-age shrinkage, characterised by microcrack formation [20]
due to rapid hydration and water loss of UHPC, Jin et al. [21] conducted a study where incorporated 20 % coarse aggregate into
traditional UHPC with steel fibre content (0–3%) and tested the mechanical properties, across a wide temperature range from room
temperature down to − 90 ◦C. Results indicated a significant improvement in compressive (increased by 46.3 % at − 90 ◦C with 2 %
steel fibres compared to 20 ◦C) and splitting tensile strength (increased by 38.6 % at − 90 ◦C with 2 % steel fibres compared to 20 ◦C)
with decreasing temperature, attributed to improved material properties at lower temperatures and the formation of ice within pores.
While steel fibres enhanced compressive and splitting tensile strength, excessive fibre content led to weaken the low-temperature
enhancement effect, likely due to fibre agglomeration.

Numerous investigations have examined the dynamic behaviour of UHPC at ambient temperature under both compression [22–25]
and tension [26–28]. Su et al. [29] analysed the dynamic behaviour of UHPC. The study stated that the dynamic increase factor (DIF) of
UHPC were consistently lower than NSC, and the incorporation of steel fibres evidently impacted the dynamic strength of UHPC. Wu
et al. [30] performed Split Hopkinson Pressure Bar (SHPB) test to investigate the impact of hybrid steel fibre reinforcement on the
dynamic behaviour of UHPC under compressive strain rate from 100 to 200 s− 1. The results showed that fibre with different length
exhibited varying crack control capability, and UHPC incorporating a hybrid 1.5 % long fibre and 0.5 % short fibre reinforcements
exhibited the optimal mechanical performance. Hou et al. [31] explored the dynamic compressive behaviour of reactive powder
concrete (RPC) at strain rates varying from 72 to 317 s− 1 with different types of fibre reinforcement, the specimens included plain RPC,
steel fibre-reinforced RPC (SFRPC) with varying steel fibre content, including PP and steel fibres. The results revealed that plain RPC
exhibited greater sensitivity in terms of dynamic compressive strength (f’c) in contrast to SFRPC. The incorporation of PP fibre slightly
decreased the f’c of SFRPC.

As for the dynamic tensile behaviour of UHPC, Cao et al. [32] conducted a dynamic uniaxial tension test on RPC containing
different amounts of steel fibre (plain, 1 % and 2%) via Split-Hopkinson Tension Bar (SHTB) with high strain rate from 98 to 528 s− 1. It
indicated that the DIF for tensile strength of RPC rose with higher strain rates and lower steel fibre content. Specifically, DIF in tension
varied from 1.0 to 7.5 over the strain rate range of 10− 6 to 528 s− 1. Liu et al. [33] investigated the dynamic splitting tensile strength of
UHPC considering the influence for both fibre length (6 and 12 mm) and volume fractions of steel fibres (1.5 %, 2 % as well as 2.5 %)
via SHPB tests. It showed that increasing the content and length of steel fibres primarily contributed to an increase in dynamic energy
dissipation capacity, with fibre length demonstrating a more significant effect than fibre content.

So far, only a limit study has focused on the dynamic behaviour of concrete material, especially UHPC at low temperature and
cryogenic condition, only a few studies have explored in NSC. MacLean and Lloyd [34] performed experiment to investigate the effects
of low temperatures (20, 0, − 15, − 45 and − 70 ◦C) and low strain rates (average strain rate of 1.2 s− 1) on the compressive behaviour of
concrete by using a drop mass impactor. It showed that the ratio of dynamic to static peak stress decreased linearly with decreasing
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temperature, reaching 0.82 at − 70 ◦C. Qiao et al. [35] have conducted dynamic compressive test for NSC at temperatures from 28 ◦C to
− 75 ◦C and strain rates from 34.33 s− 1 to 63.18 s− 1 through SHPB tests. They demonstrated that the increase in specific energy ab-
sorption (SEA) was more dramatic at lower temperatures, suggesting a stronger temperature enhancement effect, that means, a rise in
temperature resulted in an increase in strain rate sensitivity, which may be caused by factors like pore size, saturation level as well as
ice crystal formation. The mesoscale numerical model was developed by Jin et al. [36] to capture the complex behaviour of NSC under
combined cryogenic temperatures and dynamic loading. It concluded that the strain rate effect in relation to compressive strength was
more evident at cryogenic temperatures, and the DIF in compression at − 160 ◦C with a strain rate of 100 s− 1 was 9.5 % higher in
comparison to ambient temperature. Su et al. [37] analysed the dynamic compressive behaviour of concrete via SHPB with strain rate
100 s− 1 - 300 s− 1 and built up a mesoscopic model of concrete, including mortar, aggregates, interfacial transition zones (ITZs) as well
as ice particles. It emphasised that the improvement of mechanical properties was owing to the effect of ice. The declining temperature
led to improved mechanical properties of aggregates and ice, resulting in a gradual decrease in damage rates based on the observation
in numerical model. Chi et al. [38] conducted a SHPB test to evaluate the dynamic behaviour regarding normal strength mortar (NSM)
at − 70 and − 160 ◦C. It was noted that the DIF in compression decreased with reduction in temperature, while the DIFs in tensions rose
due to the decline in temperature.

Building upon previous research, this study addresses several gaps in understanding the dynamic behaviour of UHPC, a concrete
material with exceptional mechanical properties and durability, in both compression and splitting tension under extreme conditions
via SHPB test across the wider range of strain rate. Understanding how UHPC performs under extreme cold temperatures is essential to
ensure the structural integrity and safety in low temperature and cryogenic circumstance such as polar areas and energy storage tanks.
This research project experimentally examined the dynamic response of UHPC when exposed to low temperatures ranging from − 70 to
− 160 ◦C. These temperatures were selected to represent the range of extreme cold conditions encountered in various engineering
applications.

2. Experimental methodology

The experimental investigation of UHPC dynamic behaviour under low and cryogenic temperatures followed the process in Fig. 1.
UHPC specimens were initially produced and subsequently cooled to target temperatures of − 70 and − 160 ◦C to simulate low and
cryogenic temperature conditions. Two different tests were employed to evaluate the material’s mechanical response: static testing and
Split Hopkinson Pressure Bar (SHPB) testing, both focusing on compression and splitting tension properties. The static tests provided
baseline mechanical properties, while the SHPB tests characterised the dynamic behaviour of UHPC under high strain rates. This dual
testing approach enabled a thorough comparison between static and dynamic responses at these extreme temperatures. All experi-
mental data were acquired and analysed to understand the temperature-dependent mechanical properties and strain rate effects on the
performance of UHPC under these harsh environmental conditions.

2.1. UHPC specimen preparation and composition

The UHPC specimens were reinforced with 2 % steel fibres. The properties of steel fibre are listed in Table 1. Table 2 provides
detailed material proportions. Fig. 2 illustrates the comprehensive particle size distributions of the four solid materials utilised in this
UHPC mixture. To ensure optimal dispersion and random orientation of the steel fibres while preventing agglomeration, manual
distribution was employed during the fibre incorporation process. Following this step, the concrete mixture was carefully transferred
into polyvinyl chloride (PVC) pipe moulds, each with an internal diameter measuring 70 mm. After appropriate curing in the PVC
moulds, the samples were cut into cylindrical shapes with a diameter of 70 mm and a height of 35 mm (see Fig. 3). To achieve uniform
load distribution during the loading test, the end faces were grinded.

Fig. 1. Experimental methodology for UHPC testing at low and cryogenic temperatures.

K. Chi et al. Journal of Building Engineering 98 (2024) 111478 

3 



2.2. Experimental setup under cryogenic temperature

The proposed experiment aims to examine both the static and dynamic compressive and splitting tensile behaviour of UHPC under
extreme low temperatures of − 70 and − 160 ◦C. To attain the target temperatures, a cooling apparatus as depicted in Fig. 4 was
employed. The specimens were put into a low-temperature chamber, which can accommodate 14 specimens simultaneously. The
liquid nitrogen was slowly flowed into the low-temperature chamber. During the experiment, the rate of temperature drop was
controlled at 1 ◦C per minute to make sure the uniform temperature distribution within the specimens. The target temperature was
maintained for 4 h to guarantee thermal equilibrium. The temperature was accurately recorded and regulated within the low-
temperature chamber. Fig. 5 illustrates the cooling curve within the low-temperature chamber.

3. Static test results

The quasi-static experiments were conducted at three distinct temperature conditions, including 20, -70 and − 160 ◦C. A 300-ton

Table 1
Material properties of steel fibre.

Diameter (mm) Length (mm) Density (kg/m3) Modulus elasticity (GPa) Tensile strength (MPa)

0.12 15 7800 210 >2850

Table 2
UHPC composition ratios (kg/m3).

42.5 Cement Water Fine sand Steel fibre Superplasticiser Fly ash Silica fume

925 230 963 160 26 340 130

Fig. 2. Particle size distribution of used materials.

Fig. 3. UHPC specimens for testing (unit: mm).
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hydraulic testing machine was employed to perform these tests. For the compressive tests, the loading rate was set at 0.5 mm/min. In
the case of splitting tensile tests, the cylindrical specimens were placed horizontally between the loading surfaces of the compression
testing machine. The compressive load was applied diametrically along the cylinder’s length at a slower rate of 0.02 mm/min. This
loading continued until failure initiated along the vertical diameter of the specimen.

The static compressive and splitting tensile strengths of UHPC at 20, -70 and − 160 ◦C are shown in Fig. 6. The compressive strength

Fig. 4. Test setup of UHPC under cryogenic temperature (unit: mm) [38].

Fig. 5. Cooling curves in the test.

Fig. 6. UHPC Compressive and splitting tensile strength at low temperature.
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exhibited an almost linear increase when the temperature decreased from 20 ◦C to − 70 and − 160 ◦C, from 161.20 MPa to 193.56 MPa
and 211.58 MPa, respectively, corresponding to an increase of 20.07 % and 31.25 %. Likewise, the splitting tensile strength increased
from 7.20 MPa at room temperature to 10.13 MPa and 11.25 MPa at − 70 and − 160 ◦C, respectively, representing an increase of 40.69
% and 56.25 %.

4. Split Hopkinson Pressure Bar (SHPB) test setup

The behaviour of UHPC under dynamic compression and splitting tensile loading at various strain rates and low/cryogenic tem-
peratures was explored experimentally. Dynamic compressive tests were conducted at strain rates of 40, 80, 120 and 160 s− 1, while
splitting tensile tests were performed at strain rates of 20, 40, 60 and 80 s− 1. Notably, these tests were carried out at three distinct
temperature conditions, including 20, -70 as well as − 160 ◦C. The specimens employed for the experiment were cylindrical, having
dimensions of 35 mm in height and 70 mm in diameter.

The SHPB configuration for conducting dynamic compressive as well as splitting tensile tests is depicted in Fig. 7. This apparatus
consisted of two long, slender bars (termed the incident and transmission bars) with the test specimen sandwiched between their ends.
Proper alignment of all components, including the striker bar, incident bar, transmission bar as well as buffer bar, was crucial before
commencing the experiment to ensure coaxial loading conditions.

Strain gauges strategically positioned on both incident and transmission bars enabled the measurement of the elastic strain pulses
induced by the incident, reflected as well as transmitted waves, respectively. The acquired data can be used in conjunction with one-
dimensional elastic wave theory [39–41], to derive the stress-strain relationship in SHPB compressive test through the following
equations.

σ =
EAe

2As
(εi + εr + εt) (1)

ε(t)= −
2C0

L

∫t

0

εr(t)dt (2)

ε̇(t)= −
2C0

L
εr(t) (3)

where σ represents the stress at the interface where the specimen and loading bar meet; E denotes the modulus elasticity of the incident
and transmission bars; Ae and As symbolise the cross-section area of the pressure bar and sample, respectively. εi, εr and εt correspond
to the incident, reflected, and transmitted wave pulses, respectively. C0, L and t signify the longitude wave velocity of incident/
transmission bars, the initial length of the specimen and time, respectively.

During dynamic splitting tests, the specimen was positioned along the radial direction, with the incident and transmission bars
gripping the two opposing side surfaces of the specimen. Utilising the principles of one-dimensional stress wave theory, the stress,
strain, as well as strain rate for the SHPB splitting tensile test could be mathematically derived in the following equations.

σ =
2P(t)
πDL =

2EAeεt(t)
πDL (4)

ε(t)= −
2C0

D

∫t

0

εr(t)dt (5)

ε̇(t)= −
2C0

D
εr(t) (6)

where D denotes the original diameter of the specimen prior to testing, while the other variables have been previously defined.
During the splitting tensile tests, the contact interface between the specimen and the bars was effectively a line, resulting in a

relatively weaker transmitted wave signal as compared to the compressive tests.

Fig. 7. SHPB test setup [38].

K. Chi et al. Journal of Building Engineering 98 (2024) 111478 

6 



5. Results and discussions of experiments

5.1. Dynamic compressive test

5.1.1. Damage appearances of specimens subjected to coupled loading
Fig. 8 presents the dynamic compressive failure modes of UHPC specimens at different temperatures and strain rates. At 20 ◦C (see

Fig. 8(a)), the specimens exhibited a progressive increase in damage severity as the strain rate rose. At the lowest strain rate of 40.7 s− 1,
the specimen showed moderate damage with some cracking and chipping. When the strain rate rose to 81.4 s− 1, the sample exhibited
pronounced cracking and fragmentation. At 120.1 s− 1, the specimen appeared severely damaged, with substantial fragmentation and
the formation of smaller debris, the UHPC demonstrated superior damage resistance compared to Normal Strength Mortar (NSM) [38],
as evidenced by its central core remaining relatively intact, which was caused by the effect of steel fibres. Finally, at the highest strain
rate of 158.2 s− 1, the specimen disintegrated into powdery fragments, indicating complete failure. At − 70 ◦C (see Fig. 8(b)), a similar
trend was observed, but the overall damage appeared less severe with respect to the state of ambient temperature. The specimens at
lower strain rates (39.1 s− 1 and 81.6 s− 1) showed moderate cracking and edge chipping, while the core retained relatively intact. At
121.3 s− 1, the specimen exhibited more significant fragmentation, with the formation of granular debris. At the highest strain rate of
162.6 s− 1, the specimen disintegrated into smaller fragments, but less severe damage occurred in contrast with the corresponding
specimen at 20 ◦C. While at − 160 ◦C (see Fig. 8(c)), the specimens demonstrated even higher resistance to dynamic compressive
failure. The specimens at lower strain rates (45.2 s− 1 and 82.3 s− 1) exhibited minimal damage, with only minor cracking visible. At
119.2 s− 1, the specimen showed moderate fragmentation, but the core remained largely intact owing to simultaneous action of steel
fibres, albeit with signal cracking and fragmentation. However, at the highest strain rate of 161.5 s− 1, the specimen exhibited more
severe damage and disintegration in comparison with the corresponding specimens at 20 ◦C and − 70 ◦C. This may show the increased
brittleness of UHPC at lower temperature at higher strain rate.

Overall, it highlighted the significant impact of both thermal conditions and strain rate on the dynamic compressive failure
mechanisms of UHPC. Lower temperatures especially at − 160 ◦C resulted in improved resistance to damage and fragmentation at the
lower strain rates (40 and 80 s− 1), but more brittle at higher strain rate.

The dynamic failure process of UHPC specimens under compressive loading at different temperatures (20, − 70 and − 160 ◦C) was
captured via ultra-high-speed video camera (see Fig. 9). It can be observed that at 57 μs, more obvious cracks appeared in the − 160 ◦C
sample, as compared to room temperature and − 70 ◦C. Over time, the damage to the sample at − 160 ◦C became more severe,
accompanied by a large amount of powder and small fragments. This observation highlighted the impact of temperature on the
mechanical properties and failure behaviour of UHPC, with lower temperatures resulting in a more brittle and catastrophic failure

Fig. 8. Dynamic compressive failure patterns of UHPC across various temperatures.
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mode at higher strain rate.
UHPC was a dense, homogeneous material [42] with a tightly packed microstructure and a high degree of hydration, which

contributed to its superior mechanical performances and resistance to cracking and fragmentation under impact loading. Wu et al. [43]
examined the microstructure of the matrix by Mercury intrusion porosimetry (MIP) and showed that after adding fly ash and other
substances, the total porosity of the UHPC matrix decreased by about 5 %. The filling effect of supplementary cementitious materials
(SCMs) densified the UHPC matrix, resulting in improved mechanical properties. At lower temperatures, the stiffness of UHPC
increased due to the phase change in the free water, resulting in the enhancement of compressive strength. However, it should
emphasise that as concrete’s strength increased, it typically became more prone to brittle failure [44]. Even when steel fibres were
incorporated into mixtures, UHPC still exhibited brittle failure modes when subjected to extremely low temperatures [16,45].
Therefore, it showed noticeably more brittle failure characteristics at − 160 ◦C compared to room temperature and − 70 ◦C.

The frozen-pore water effect at cryogenic temperatures enhanced the bond between steel fibres and the cement matrix, thereby
restricting crack propagation. Kim and Yoo [46] examined how cryogenic temperatures affected the pull-out characteristics of indi-
vidual steel fibres embedded in UHPC matrix. They pointed out that exposure to extremely low temperatures considerably improved
both the average bond strength and slip capacity, contributing to the strength enhancement. Overall, it exhibited the superior per-
formance of UHPC in terms of damage resistance and controlled failure modes.

Fig. 9. Failure process of UHPC at various temperature. (a) at 20 ◦C (b) at − 70 ◦C (c) at − 160 ◦C.
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5.1.2. Effect of low temperature on compressive strength and modulus of elasticity
Fig. 10 demonstrates the relationship between dynamic compressive stress and strain for UHPC specimens tested at various

temperatures (20, − 70 and − 160 ◦C) and strain rates (ranging from 40 s− 1 to 160 s− 1). At the ambient temperature, the dynamic peak
stress of UHPC increased signally with rising strain rate. Specifically, the f’c increased by 16.4 %, 32.0 %, 47.3 % and 52.1 % at strain
rates of 40.7 s− 1, 81.4 s− 1, 120.1 s− 1 and 158.2 s− 1, respectively, in comparison with the static strength (see Fig. 10(a)). At − 70 ◦C, the
stress-strain curves exhibited a similar trend as those at room temperature, with the peak stresses kept increasing at higher strain rates.
By comparing the static strength at − 70 ◦C, the dynamic compressive strength escalated by 5.2 %, 22.9 %, 34.7 % and 35.3 % at strain
rates of 39.1 s− 1, 81.6 s− 1, 121.3 s− 1, and 162.6 s− 1, respectively (see Fig. 10(b)).

At − 160 ◦C, the stress-strain curves exhibited a more brittle behaviour with a steeper post-peak softening branch as compared to 20
and -70 ◦C. The f’c continued to increase with strain rate. At the strain rate of 45.2 s− 1, 82.3 s− 1, 119.2 s− 1 and 161.5 s− 1, the dynamic
compressive strength at − 160 ◦C experienced an increase of 1.66 %, 13.1 %, 26.7 % and 29.8 % in contrast to the uniaxial compressive
strength at − 160 ◦C. These findings demonstrated that the f’c of UHPC specimens increased with strain rate across all temperature
conditions. This trend was particularly pronounced at room temperature, where the strength enhancement was more substantial as
compared to − 70 ◦C and − 160 ◦C. As the temperature reduced from − 15 ◦C to − 125 ◦C and below, Wu and Prakash [47] observed an
increase peak stress of ice, resulting in an enhancement of compressive strength for UHPC with declined temperature.

Regarding the dynamic compressive modulus elasticity of UHPC, a phenomenon similar to that observed in NSM [38] was noted, i.
e., the dynamic modulus elasticity at − 70 ◦C was higher than that at room temperature and − 160 ◦C. According to Zhang et al. [48],
this is probably caused by the binding and filling actions of ice in the pores of the concrete in this temperature range. The formation of
ice in the pores helped fill the voids and bind the cement paste and aggregates together, causing an increase in the overall stiffness and
modulus elasticity of the UHPC. Additionally, the thermal contraction of the UHPC components at − 70 ◦C further contributed to this
stiffening effect, as it reduced the volume of the pores and raised the density of the material. However, as the temperature was dropped
further down to − 160 ◦C, the dynamic elastic modulus started to decrease. This can be explained by the increased thermal expansion
mismatch between the different UHPC constituents (cement paste, aggregates, and ice) at cryogenic temperatures. The inconsistent
thermal deformations resulted in the development of microcracks and damage within the UHPCmicrostructure, which in turn reduced
the overall stiffness and dynamic elastic modulus of the material. At the strain rate of about 120 s− 1, the dynamic elastic modulus of
UHPC at − 70 ◦C was approximately 7.16 times and 3.64 times higher than at 20 ◦C and − 160 ◦C, respectively. This highlighted the
markedly influence of the ice filling and binding effects as well as the thermal expansion mismatch on the dynamic mechanical
performances of UHPC at different low and extremely low temperature conditions.

Fig. 10. Dynamic compressive stress-strain curve at various temperatures.
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5.2. Dynamic splitting tensile results

5.2.1. Failure modes of specimens under combined loading
Fig. 11 illustrates the dynamic splitting tensile failure modes of UHPC specimens at various temperatures and strain rates. The

relationship among temperature, strain rate, and the resulting damage patterns in the concrete specimens were examined. At various
strain rates (20, 40, 60 and 80 s− 1) and temperatures (20, − 70 and − 160 ◦C), different failure modes appeared in the specimens. Three
primary categories may be used to classify the failure scenarios [49]: Failure Mode I (lower strain rates): The specimenmaintains stress
equilibrium before cracking, then splits from the centre along the loading axis into two halves that can be reassembled to closely
resemble the original shape. Failure Mode II (above 20 s− 1): The specimen experiences a fracture along its central axis, resulting in two
distinct halves. A minor wedge-shaped zone of crushing is evident at the point of load application. Failure Mode III: The specimen
exhibits a more complex failure pattern. Shear damage manifests at both extremities of the specimen. Concurrently, a wedge-shaped
crushing zone develops at the loading end. The central region of the specimen displays a substantial zone of tensile damage, often
presenting as a band of crushed material. At lower strain rates (around 20 s− 1), the specimens exhibit a central crack damage pattern,
where they fracture into two halves along the loading direction. At higher strain rates (above 20 s− 1), the specimens display a
triangular crack damage pattern, characterised by triangular damage zones, especially at the contact ends (particularly the loading
end). The damage level escalated with strain rate, with the triangular fracture area expanding and the overall deformation increasing.
Generally speaking, the transition in failure modes observed in the UHPC specimens, shifting from shear failure to tensile failure, can
be primarily attributed to the redistribution of maximum tensile strain within the material [50]. A comparative assessment revealed
that, under identical strain rates, the extent of damage was more severe at − 70 ◦C than at ambient temperature. Furthermore, the
damage severity at − 160 ◦C was even worse than at − 70 ◦C.

Fig. 12 shows the failure process of UHPC under dynamic splitting tensile tests conducted at approximately 40 s− 1 strain rate
together with temperatures of 20, -70 and − 160 ◦C. As time progressed, the cracks in the UHPC specimens propagated along the centre
of the samples, gradually widening and extending. At − 70 ◦C, an undamaged sample displayed at 33 μs, while a more rapid and
irregular crack propagation pattern demonstrated at the following time step 82 μs, 112 μs and 180 μs in contrast to the state of room
temperature. At the temperature of − 160 ◦C, the failure of UHPC became more sudden and catastrophic, exhibiting a more brittle
behaviour. The crack formation was visible as early as 8 μs, with subsequent widening and extension of the crack at 33 μs, 112 μs and
180 μs In summary, as the temperature decreased, the crack initiation and propagation become more rapid, irregular, and

Fig. 11. Dynamic splitting tensile failure mechanisms of UHPC at various temperatures.
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catastrophic, indicating a transition from a more ductile failure mode at ambient temperature to a more brittle failure mode at lower
temperatures.

5.2.2. Effect of low temperature on splitting tensile strength
The dynamic splitting tensile behaviour of UHPC was investigated at temperature conditions of 20, -70 and − 160 ◦C, with strain

rates ranging from approximately 20 to 80 s− 1, and the peak splitting tensile strength of different scenarios is presented in Fig. 13. At
room temperature, as the strain rate increased from 21.0 s− 1 to 39.9 s− 1, 63.2 s− 1, and 81.3 s− 1, the splitting tensile strength of the

Fig. 12. Failure process of UHPC under dynamic splitting tensile test.

Fig. 13. Dynamic splitting tensile strength of UHPC at various temperatures.
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UHPC specimens rose by approximately 108.6 %, 141.1 %, 172.6 % and 188.1 %, respectively, in contrast to the static splitting tensile
strength at 20 ◦C. At − 70 ◦C, with increasing strain rates from 19.9 s− 1 to 40 s− 1, 60.0 s− 1 and 81.4 s− 1, the splitting tensile strength
showed respective increases of about 122.3 %, 156.5 %, 204.6 % and 224.9 % in compared to the static splitting tensile strength at
− 70 ◦C. Similarly, at − 160 ◦C, with strain rates rising from 23.3 s− 1 to 42.3, 63.3 and 80.5 s− 1, the splitting tensile strength exhibited
increase of around 171.20 %, 184.6 %, 215.7 % and 257.5 %, respectively, in contrast with the static splitting tensile strength at
− 160 ◦C. It was noted that as the strain rate ascended, the splitting tensile strength of the specimen increased at the same temperature
condition. Furthermore, it was evident that under the same strain rate the dynamic splitting tensile strength rose as the temperature
decreased. For example, at a strain rate of 40 s− 1, the dynamic splitting strength at − 70 and − 160 ◦C rose by 52.3 % as well as 87.7 %,
respectively. Likewise, at strain rates of 80 s− 1, the dynamic splitting tensile strength at − 70 and − 160 ◦C grew to 58.7 % as well as
93.9 %, respectively, as compared to room temperature.

5.3. Relationship between dynamic compressive and splitting tensile strength

The relationship between dynamic compressive strength and splitting tensile strength at various temperatures and strain rates can
be expressed using Equation (7). This equation incorporates the effects of strain rate and temperature at 20, -70 and − 160 ◦C on the
material’s mechanical properties. These relationships were established through regression analysis, having high correlation coefficient
of determination (R2), which was 0.87, 0.91 and 0.92 at 20, -70 and − 160 ◦C, respectively. This indicates a strong fit between the
predicted and experimental values. These findings highlight the significant influence of strain rate and temperature on the dynamic
compressive and tensile properties of UHPC, showing their interdependence under varying conditions.

fʹc,d =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

25.92 lnε̇ + 5× 10− 4 fʹt,d + 100 T = 20 ◦C
33.97 lnε̇ + 1× 10− 4 fʹt,d + 100 T = − 70 ◦C

38.27 lnε̇ + 1.34 fʹt,d T = − 160 ◦C
(7)

where fʹc,d is the dynamic compressive strength in MPa, ε̇ is the strain rate in s− 1 and fʹt,d represents the dynamic splitting tensile strength
in MPa.

6. Strain rate sensitivity

The dynamic increase factor (DIF) is a widely utilised metric that quantifies the enhancement in concrete’s strength at high strain
rates. The definition of DIF is the proportion of dynamic strength to static strength. Understanding DIF of concrete is crucial for
accurately predicting the structural response, designing structural elements to withstand high-strain-rate events, and developing
appropriate constitutive models. In accordance with the foregoing experiment results, the relationship between strain rate in
compression of UHPC and dynamic increase factor in compression (CDIF) is plotted in Fig. 14. It is worth noting that with the decline in
temperature, CDIFs decreased gradually, which indicated the concrete material was more sensitive at ambient temperature rather than
at low or cryogenic temperature in compression.

In fact, a large number of empirical formulas for NSC under different strain rate ranges have been derived and widely used. The
predictive curve suggested by CEB-FIP model code [51] for DIF in compression at room temperature is given in Equation (8), which
also plots in Fig. 14. However, as mentioned above, this formula can only describe the critical strain rate for NSC at ambient

Fig. 14. CDIFs for UHPC at low temperature.
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temperature, in other words, it was not suitable for UHPC at other temperature conditions. Therefore, new empirical formulas were
derived for UHPC at room temperature, − 70 and − 160 ◦C using experimental data, as shown in Equations (9)–(11). The derived
empirical formulae fit well with the experimental data. In the current study, the inflection points in relation to CDIF were determined
to be 30 s− 1 at 20, -70 and − 160 ◦C, which was the same as CEB-FIP model code [51].

DIF=
fc
fć
=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(
ε̇
εs

)1.026α

for ε̇ ≤ 30 s− 1

γ
(

ε̇
εs

)1/3

for ε̇ > 30 s− 1

(8)

where εs = 3 × 10− 6 s− 1, α = 1
10+6fć/10

and fć is uniaxial compressive strength, γ = 10(7.11α− 2.33).
The fitting curves of CDIFs for UHPC at 20, -70 and − 160 ◦C are also displayed in Fig. 14. It was highlighted that with the decrease

in the temperature, the CDIFs of UHPC diminished. In fact, the material with a higher uniaxial compressive strength shows lower rate
sensitivity [52,53], this align with the observation of UHPC’s CDIF at low temperature. The occurrence of a phase transition within the
pore network, wherein the pore water crystallised into an ice matrix upon exposure to cryogenic conditions [54]. It is noteworthy that
at a temperature of − 70 ◦C, the ice has not yet assumed complete control over its impact on the compressive strength, as the freezing
process has merely initiated within the pores [55]. Upon further cooling to − 160 ◦C, the ice within the pores becomes remarkably more
rigid, freezing water further expands, leading to microcracking and weakening of the concrete matrix. As temperature decreases,
different components of UHPC contract at different rates, forming the microcrack in the ITZ [2]. Meanwhile, the freezing of water
within the concrete’s pore structure leads to a volumetric expansion of about 9 % [56]. This expansion contradicts the overall
shrinkage of the surrounding matrix, exacerbating the development of microcracks. These microcracks serves as initial defects. When
subjected to impact loads, these initial defects rapidly coalesce into larger macrocracks, accelerating the path to ultimate failure, hence
the CDIF under low temperatures is reduced.

CDIF at 20 ◦C=

{
0.012 logε̇ + 1.070 ε̇ ≤ 30 s− 1

0.580 logε̇ + 0.230 ε̇ > 30 s− 1 (9)

CDIF at − 70 ◦C=

{
0.007 logε̇ + 1.041 ε̇ ≤ 30 s− 1

0.527 logε̇ + 0.238 ε̇ > 30 s− 1 (10)

CDIF at − 160 ◦C=

{
0.001 logε̇ + 1.008 ε̇ ≤ 30 s− 1

0.427 logε̇ + 0.349 ε̇ > 30 s− 1 (11)

A unified model was utilised to gain a single equation to understand how DIF changed not only with strain rate but also with
temperature in a continuous manner. It also enabled to predict DIF values for temperatures and strain rates that were not directly
tested. The following Equation (12) was obtained based on the experimental results in Appendix A. Fig. 15 compares the outcomes of
Equation (11) with the experimental results presented in Appendix A. The coefficient of determination (R2) values was 0.96, which
indicated a strong correlation between the forecasted and observed CDIFs, supporting a reliability and accuracy of the prediction
formula.

Fig. 15. Comparison of predicted CDIFs to experimental results.
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CDIF=0.557+0.001×T+0.284× logε̇+0.059×(logε̇)2 +0.0001×T × logε̇ (12)

where T symbolises temperature in ◦C, − 160 ◦C ≤ T ≤ 20 ◦C; ε̇ represents as the strain rate, 38.5 s− 1 ≤ ε̇ ≤ 165.81 s− 1.
Fig. 16 depicts the aggregated data and estimates for the TDIFs of UHPC. The figure also compared the experimental data with the

models proposed by CEB-FIP model code [51] as Equation (13) and Malvar and Crawford [57] as Equation (14), both of which used
uniaxial compressive strength of 160 MPa at room temperature. It revealed that neither the CEB-FIP model code [51] nor Malvar and
Crawford [57] adequately described the TDIFs of UHPC at high strain rates. The inflection points, which represented the transition
from the static to the dynamic regime, also did not align well with the observed data. The CEB-FIP model predicted an inflection point
at 30 s− 1, while the Malvar and Crawford model suggested an inflection point at 1 s− 1, both of which did not match the experimental
findings. In contrast, Park et al. [58] proposed a different relationship for the TDIFs of UHPC, with a reported transition strain rate of
25 s− 1. Furthermore, Yang et al. [59] have pointed out that the inflection point in the DIF-strain rate relationship can be influenced by
various factors, like the fibre shape (straight, twisted, or hooked), matrix strength and fibre volume fraction. In the current study, the
inflection points were determined to be 1 s− 1 at 20, -70 and − 160 ◦C, the same as Malvar and Crawford [57].

DIF=
fT
fTs

=

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

(
ε̇
εs

)1.016α

for ε̇ ≤ 30 s− 1

γ
(

ε̇
εs

)1/3

for ε̇ > 30 s− 1

(13)

where εs is equal to 3 × 10− 6 s− 1, α = 1
10+6fć/10

and fć is uniaxial compressive strength, γ = 10(7.11α− 2.33).

DIF=
fT
fTs

=

⎧
⎪⎨

⎪⎩

(
ε̇
ε̇s

)δ

for ε̇ ≤ 1 s− 1

β
(

ε̇
ε̇s

)1/3

for ε̇ > 1 s− 1

(14)

where fT and fTs represent the dynamic as well as static tensile strength, respectively. 10− 6≤ ε̇ ≤ 160 s− 1, ε̇s = 1× 10− 6 s− 1, δ = 1
1+8fć/10

, fć is uniaxial compressive strength and log β = 6δ − 2.
The empirical formulae of TDIFs for UHPC at 20, -70 and − 160 ◦C were derived and showed in Equations (15)–(17). The fitting

curve for each temperature presents in Fig. 16. It demonstrated that the empirical formula derived in the study could accurately match
the experimental data for the TDIFs of UHPC, indicating a high degree of precision and reliable predictive capabilities for model. It can
be observed that with decrease in temperature, the TDIFs increased dramatically for UHPC, showing the highest rate sensitivity at
− 160 ◦C. At a strain rate of approximately 20 s− 1, the TDIFs of UHPC at ambient temperature were 11.00 % and 35.50 % lower than at
− 70 and − 160 ◦C, respectively. In addition, the TDIFs of UHPC at − 70 and − 160 ◦C exceeded those at ambient temperature by 11.26%
and 23.38 % at a strain rate nearly 40 s− 1. Similarly, at a strain rate of around 60 s− 1, the TDIFs of UHPC were 7.19 % lower at ambient
temperature than at − 70 ◦C, and 28.01 % lower than at − 160 ◦C. The TDIFs of UHPC in specific strain rate 80 s− 1 at − 70 and − 160 ◦C
had a spectacular rise of nearly 17.33 % and 29.24 % compared with those at the room temperature, respectively. The TDIFs of UHPC
showed an increasing tendency as the temperature decreased, indicating a high sensitivity to strain rate under lower temperature
conditions.

The hypothesis for this phenomenon is as follows. As temperatures drop, ice crystals progressively form within the micro-cracks
and pores of the concrete. These ice formations act as natural bridges across the micro-cracks and strengthen the bond between
aggregate particles and the surrounding cement paste [54]. As water in the pores freezes, it forms an ice skeleton within the concrete
microstructure. This ice network can effectively enhance the internal structure of the concrete at low temperatures. The pre-stressed
state induced by the formation of the ice veins can retard or inhibit the initiation and growth of internal cracks within the material. On
the other hand, the bond between steel fibres and the concrete matrix improves at lower temperatures [16,46]. This enhancement is
primarily attributed to the increased frictional resistance that develops under cryogenic conditions. A comparison between NSM [38]
and UHPC at cryogenic conditions (− 160 ◦C) and a high strain rate (80 s− 1) revealed a significant difference in the TDIF. It found that
the TDIF of NSM which data based on the results from Chi et al. [38] was 1.61 times greater than that of UHPC under − 160 ◦C at the
strain rate of 80 s− 1. It was important to note that the primary distinction between these two materials was the presence of steel fibres
in UHPC, as neither contained coarse aggregates. Kim et al. [46] found out that deeper and more severe scratches on the surface of the
fibres after testing them under cryogenic conditions, which indicated an improvement of their ability to resist being pulled out of the
concrete.

TDIF at 20 ◦C=

{
0.013 logε̇ + 1.078 ε̇ ≤ 1 s− 1

0.975 logε̇ + 0.790 ε̇ > 1 s− 1 (15)

TDIF at − 70 ◦C=

{
0.027 logε̇ + 1.160 ε̇ ≤ 1 s− 1

1.356 logε̇ + 0.395 ε̇ > 1 s− 1 (16)
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TDIF at − 160 ◦C=

{
0.047 logε̇ + 1.281 ε̇ ≤ 1 s− 1

1.489 logε̇ + 0.544 ε̇ > 1 s− 1 (17)

Like CDIFs, a single equation to predict TDIFs of UHPC was created based on experimental data in Appendix B. Fig. 17 shows the
results of comparing the empirical formula with the experimental data. The coefficient of determination (R2) for Equation (18) was
0.95, demonstrating a greater level of accuracy in predicting the TDIFs of UHPC at low temperature with various strain rate.

TDIF=0.9614 − 0.002×T+0.702× logε̇+0.119×(logε̇)2 − 0.0005×T × logε̇ (18)

where T stands for temperature in ◦C, − 160 ◦C ≤ T ≤ 20 ◦C; ε̇ represents as the strain rate, 19.89 s− 1 ≤ ε̇ ≤ 81.32 s− 1.

7. Limitations

While this study provides valuable information about UHPCs’ dynamic behaviour at low and cryogenic temperatures, it is
important to acknowledge its limitations. The research primarily focused on macroscopic mechanical properties and did not delve
deeply into the microstructural mechanisms underlying the observed dynamic behaviour. Advanced microstructural characterisation
techniques such as X-ray computed tomography (CT) scanning and Scanning Electron Microscopy (SEM) would be beneficial for future
studies to provide a more comprehensive understanding of the material’s behaviour. CT scanning could enable three-dimensional
visualisation and quantification of internal void distribution, crack propagation patterns, and pore structure evolution at different
temperatures. Similarly, high-resolution SEM analysis would allow detailed examination of the interfacial transition zone (ITZ)

Fig. 16. TDIFs for UHPC at low temperature.

Fig. 17. Comparison of predicted TDIFs to experimental results.
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between aggregates and cement paste, revealing potential microstructural changes, ice crystal formation mechanisms, and their
impact on bond strength at cryogenic temperatures. Such advanced imaging techniques would help establish direct correlations be-
tween microstructural alterations and the observed macroscopic mechanical properties, particularly in understanding the role of pore
size distribution, ice crystallisation patterns, and ITZ degradation in the dynamic response of UHPC under extreme temperature
conditions.

8. Conclusions

In view of the comprehensive experimental investigation presented in current study, several key conclusions can be drawn
regarding the dynamic behaviour of UHPC at low and cryogenic temperatures:

• UHPC exhibited superior resistance to damage and fragmentation, especially under dynamic loading conditions at low tempera-
tures. The failure patterns of UHPC were characterised by more localised cracking and reduced disintegration, even at high strain
rates and cryogenic temperatures.

• The dynamic compressive strength of UHPC increased significantly with strain rate across all temperature conditions. However, the
rate of strength increase slowed down at higher strain rates (above 120 s− 1). At a given strain rate, the dynamic compressive
strength of UHPC was higher at the lower temperatures, with the highest strength observed at − 160 ◦C.

• The dynamic compressive elastic modulus of UHPC exhibited a complex relationship with temperature. It was the highest at − 70 ◦C
owing to the ice filling and binding effects within the concrete pores, but decreased at − 160 ◦C resulting from the thermal
expansion mismatch between the UHPC constituents.

• Under dynamic splitting tensile loading, UHPC displayed a transition in failure modes from shear failure at lower strain rates to
tensile failure at higher strain rates. The damage severity was more pronounced at lower temperatures (− 70 and − 160 ◦C) in
comparison with room temperature.

• The relationships between dynamic compressive and splitting tensile strength at various temperature were carried out.
• DIFs in compression of UHPC decreased with decline in temperature, indicating reduced strain rate sensitivity at lower temper-
atures. In contrast, DIFs in tension of UHPC increased when the temperature went down.

In conclusion, UHPC demonstrated superior performance in terms of ductility, controlled failure modes, and reduced strain rate
sensitivity under dynamic loading conditions at low and extremely low temperatures. This rendered UHPC amore suitable material for
concrete infrastructure subjected to coupled extreme environmental and loading conditions, such as those encountered in cryogenic
storage facilities or other harsh environments.
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Appendix A. Dynamic compression SHPB test results of UHPC at 20, -70 and ¡160 ◦C

Temperature (T) Strain rate (s− 1) Dynamic compressive strength (f’c,d) CDIF

20 ◦C 38.50 191.18 1.19
40.72 187.66 1.16
41.01 189.86 1.18
77.20 204.88 1.27
71.70 202.05 1.25
81.38 212.75 1.32
103.15 221.32 1.37
119.09 236.13 1.46

(continued on next page)
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(continued )

Temperature (T) Strain rate (s− 1) Dynamic compressive strength (f’c,d) CDIF

118.90 236.52 1.47
120.09 237.40 1.47
158.23 245.12 1.52
162.60 233.20 1.45
165.81 250.86 1.56

− 70 ◦C 39.06 203.57 1.05
52.07 218.03 1.13
81.57 237.81 1.23
78.24 237.50 1.23
75.03 243.05 1.26
83.30 250.36 1.29
121.25 260.66 1.35
119.66 265.46 1.37
114.72 260.48 1.35
161.10 261.91 1.35
162.55 266.51 1.38

− 160 ◦C 45.22 215.09 1.02
50.04 225.70 1.07
82.32 239.35 1.13
88.86 244.11 1.15
119.21 268.09 1.27
122.82 262.51 1.24
161.49 274.53 1.30

Appendix B. Dynamic splitting tensile SHPB test results of UHPC at 20, -70 and ¡160 ◦C

Temperature (T) Strain rate (s− 1) Dynamic splitting tensile strength (f’t,d) TDIF

20 ◦C 20.99 15.02 2.00
21.39 15.01 2.00
24.79 15.43 2.06
25.24 17.34 2.31
39.89 17.06 2.27
40.63 17.36 2.31
42.71 19.39 2.59
42.82 19.29 2.57
60.02 19.63 2.62
60.84 18.14 2.42
61.68 18.65 2.49
63.22 19.05 2.54
76.20 19.42 2.59
77.38 18.28 2.44
81.32 20.74 2.77

− 70 ◦C 19.89 22.52 2.22
24.51 24.71 2.44
40.11 25.98 2.57
41.98 21.85 2.16
59.99 30.86 3.05
60.40 26.42 2.61
77.61 29.15 2.88
81.38 32.91 3.25

− 160 ◦C 23.29 30.51 2.71
42.33 32.02 2.85
46.58 32.63 2.90
64.34 35.52 3.16
80.48 40.22 3.58
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