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A B S T R A C T

The durability under dynamic loading is crucial for diverse concrete structures, including buildings subjected to
seismic forces as well as hydraulic and floating concrete structures in turbulent water conditions. Ultra-high-
toughness cementitious composites (UHTCC) exhibit exceptional ductility, high plastic deformation capability,
multiple-cracking behaviour, excellent energy dissipation, and satisfactory strength. Consequently, UHTCC holds
significant promise for enhancing the resilience of concrete structures in engineering application. This study
provides a comprehensive review on the dynamic properties and damage patterns of UHTCC reinforced with
different fibers in various dynamic loading conditions, including unidirectional, cyclic, instantaneous penetra-
tion, and seismic loading. The material models and analysis results from numerical simulations of UHTCC are
also discussed. The findings indicate that UHTCC can offer superior deformation capacity and enhanced energy
dissipation properties compared to conventional concrete when subjected to dynamic excitations. The combi-
nation of steel fiber (SF) and synthetic fiber can effectively enhance the dynamic strength of UHTCC without
significantly compromising its strain-hardening characteristics. UHTCC exhibits a longer service life than con-
ventional concrete when exposed to cyclic and fatigue force. In scenarios involving projectile impacts, blast, and
seismic loads, UHTCC structures maintain their integrity, thereby mitigating potential injuries. Finite element
simulations of UHTCC structures necessitate highly ductile and elastoplastic material models. Future research
could explore the use of more environmentally friendly fibers in UHTCC preparation and further investigate its
dynamic properties at micro-level.

1. Introduction

In the past, researchers used to focus on the static properties of
concrete materials. However, in most cases, concrete structures in ser-
vice are subjected to dynamic loads induced by vehicle, wind, wave and
even blast and projectile impact from terrorist attacks [1,2]. Researchers
have recognized the significance of studying the dynamic properties of
concrete structures and paid massive attention to the energy dissipation
capacity of concrete materials under dynamic excitations [3]. Fig. 1(a)
statistically analysed the proportion of research on static and dynamic
properties of cementitious materials over the last 10 years based on the
Scopus database. In the past 10 years, researchers consistently paidmore
attention to the dynamic properties of cementitious materials rather

than their static traits, and the research on dynamic properties has
shown a continuously increasing trend in the past 5 years.

The concrete material is in a coupled compression-tension state
under dynamic loads [4,5]. However, its brittleness is outstanding, and
microcracks within the concrete matrix expand rapidly until the collapse
of the structure when subjected to compression and tensile stress waves
[6]. To avoid excessive tensile force on concrete materials, engineers
usually embed steel bars and hoops to enhance the overall structural
tensile and shear strength. Dynamic loads would produce complicated
stress waves within the concrete, in which case it is difficult to absorb
the impact energy adequately by the steel reinforcement [7]. To enhance
the energy dissipation capacity of cementitious composite, researchers
incorporated fibers and supplementary cementitious materials (SCM)
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into the plain concrete to mitigate crack distribution and restrain crack
extension under dynamic loads [8,9]. Such cementitious composites
with high energy consumption properties are named
ultra-high-toughness cementitious composites (UHTCC), engineered
cementitious composites (ECC), fiber-reinforced high ductility cemen-
titious composites (FRHDCC) or strain-hardening cementitious com-
posites etc. For convenience, we call it UHTCC in this study. Fibers
commonly used to produce UHTCC include polyethylene (PE) fiber,
polyvinyl alcohol (PVA) fiber, polypropylene (PP) fiber,
poly-p-phenylene benzobisoxazole (PBO) fiber, polyoxymethylene
(POM) fiber, steel fiber (SF) and basalt fiber (BF) etc [10,11]. The
number of literature studies on each fiber and the corresponding UHTCC
properties in the last 10 years are counted in Fig. 1(b). PVA fiber, SF and
PE fiber are the three most common ones used in the preparation of
UHTCC because of their easy accessibility, high tensile strength, high
elastic modulus and affinity with cement matrix. Fig. 1(c) shows that the
number of studies on the performance of UHTCC has continued to grow
over the past 10 years. Researchers from China have published more
than twice as many studies on UHTCC as the next highest-ranking
countries, Germany, and the United States (see Fig. 1(d)).

UHTCC has become an emerging material that overturns the old
concept of traditional cementitious materials. Benefit from the syner-
gistic effect of fibers and composite matrix, UHTCC exhibits multiple
cracking characteristics under a direct tensile load and is able to reach a
tensile strain of more 3 %, which is difficult to achieve by using ordinary
fiber-reinforced concrete (FRC) and ultra-high-performance concrete
(UHPC) [12]. Zhu et al. [8], Yoo et al. [9], Singh et al. [10], and
Shanmugasundaram et al. [11] provided a systematic and

comprehensive summary of the mixture ratio design, basic mechanical
properties, structural applications, and the influence of constituents on
UHTCC. Fiber content, aspect ratio and mechanical properties jointly
play a decisive role in the high ductility and high energy consumption of
UHTCC [8]. If the fibers are too long and do not have enough tensile
strength, they are prone to break under dynamic loads and cannot
restrain the crack propagation [13]. Correspondingly, the
strain-hardening phenomenon of UHTCC is not obvious when the tensile
strength and elastic modulus of fibers are excessively high [14]. The
high strength and high deformation ability of UHTCC can be achieved
simultaneously by blending synthetic fibers and SF [15]. However, the
damage patterns and mechanical properties of UHTCC under various
dynamic loads are still inadequately summarized. A thorough under-
standing of the dynamic properties of UHTCC can help evaluate the
potential use of UHTCC as structural primary or secondary materials
[10,11].

This study systematically summarizes the crack distribution, damage
sizes, peak stress, deformation capacity and energy dissipation proper-
ties of UHTCC under a series of dynamic loads. The dynamic resistance
of UHTCC specimens prepared with different fibers is compared with
that from plain concrete to highlight the advantages of UHTCC in
dissipating impact energy and maintaining structural integrity. The
ductility and strain-hardening characteristics of UHTCC at different
strain rates are also summarized. Finally, new ideas are proposed for
future in-depth studies on the dynamic performance of UHTCC from
both micro and macro perspectives, and the possibility of enhancing the
sustainability of UHTCC.

Fig. 1. Statistics on the research of UHTCC over the last 10 years based on Scopus database: (a) Relative proportion of static and dynamic research on cement-based
materials; (b) Popularity of various fibers in UHTCC preparation; (c) Publications of UHTCC studies by year; (d) Publications of UHTCC studies by regions.
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2. Mixture proportion design of UHTCC

The most important materials for preparing UHTCC include cement,
synthetic fiber, silica sand, water, SCM and superplasticizer [10]. The
cement paste matrix and fiber are designed based on micromechanical
principles to achieve unique strain-hardening and multiple-cracking
behaviors under a direct tensile load [11]. Therefore, UHTCC has
strict requirements on the proportion of each raw material, mixing
procedure and curing environments. Portland cement is the main
cementitious material used in the preparation of UHTCC. Some re-
searchers have tried to replace a part of cement with SCMs, such as fly
ash, silica fume and ground-granulated blast furnace slag (GGBFS) to
improve the density and durability of UHTCC [8]. However, Wishwesh
and Anand [16] found that the optimal fly ash replacement ratio was
only 0.25 % to improve the tensile strength and strain-hardening
behavior of UHTCC. When the fly ash content reached 1 %, the tensile
strength and ultimate tensile strain of UHTCC showed a downward trend
[16]. Similarly, Lei et al. [17] indicated that a high volume of silica fume
weakened the strain-hardening behavior of UHTCC because of fiber
agglomeration and lower cohesion to fibers.

Normally speaking, higher sand to binder (S/B) ratio and lower
water to binder (W/B) ratio are contributed to the improvement of direct
tensile strength and fracture energy of UHTCC [11]. However, overhigh
S/B ratio and excessively low W/B ratio may make it difficult for the
fibers to disperse in the paste matrix, thereby weakening the tensile
properties of UHTCC [11]. The fiber type, volume fraction and aspect
ratio determine the bridging ability of fibers. The volume fraction of
fibers is usually between 0.5 % and 2.0 %, because a large volume of
fiber tends to agglomerate [8]. Ordinary synthetic fiber such as PVA
fiber and PE fiber are easy to rupture instantaneously under dynamic
loads, whereas SF has higher tensile strength and elastic modulus [10].
Some researchers have mixed synthetic fiber and SF as hybrid fiber and
used it to fabricate UHTCC with high strength. For example, Huang et al.
[18] successfully produced ultra-high-strength UHTCC with a
compressive strength of more than 200 MPa and tensile strength of more
than 17 MPa using 2 vol% PE fiber and 1 vol% SF. The control of tem-
perature and humidity during the curing process also determines
whether the satisfying UHTCC material can be successfully produced. It
is generally believed that the ideal environment for curing UHTCC is
23℃ and 95 % relative humidity [11]. High temperature and low hu-
midity will accelerate the evaporation of free water within UHTCC
specimens and cause cracking. In some special cases, for example,
Huang et al. [18] and Lao et al. [19] used water tank curing method and
plastic film covering method to cure UHTCC specimens at 80–90℃ to
accelerate the pozzolanic reaction speed of fly ash and achieved
ultra-high-strength or high-strength UHTCC materials.

3. Mechanical performance of UHTCC under unidirectional
dynamic loads

3.1. Dynamic compression load

Researchers usually apply impact loads to materials using a Split-
Hopkinson Pressure Bar (SHPB) [20]. The impact load created by
SHPB device is different from drop weight load and projectile impact.
The end of SHPB incident bar is a circular plane with a diameter of
80 mm or 100 mm, which can apply uniform and stable compressive
force at a high strain rate [21]. Stress-strain curves of concrete speci-
mens under impact load can be obtained by SHPB device, which pro-
vides essential information for exploring the relationship between strain
rate and mechanical properties of UHTCC [21].

Fig. 2 shows the stress-strain curves of UHTCC specimens reinforced
by different types of synthetic fibers subjected to dynamic compression
loads at a strain rate of about 105 s-1. It can be clearly seen that
compared to the cement mortar counterparts under impacts of 110 s-1,
the peak strain was increased, and the post-peak ductility was

significantly enhanced for UHTCC. Specifically speaking, the peak strain
of UHTCC reinforced by PP fiber can reach approximate 0.015. In
addition, the ultimate strain of UHTCC reinforced by POM fiber can
reach over 0.05. However, the corresponding values of ordinary cement
mortar were only 0.006 and 0.016 respectively. Kai et al. [22] obtained
stress-strain curves of UHTCC specimens containing 2 % PVA fibers
under strain rates from 96 s-1 to 197 s-1. The increasing ratio of dynamic
increase factor (DIF, the ratio of the dynamic compressive strength to the
quasi-static strength) was about 1.4, higher than 1.1 of conventional
concrete. This indicates that UHTCC reinforced by PVA fiber possesses a
more significant resistance ability to impacts. However, Kai et al. [22]
drew up the above conclusions about UHTCC mainly by referring to the
test data of conventional concrete provided by other researchers,
without designing a reference group in their experiments. Zhao et al.
[23] compared the dynamic compressive behavior of UHTCC under dry
and wet states. They reported that the dynamic compressive strength
and specific energy absorption of UHTCC under a dry state were higher
than those from conventional cement mortar because of the fiber bridge
effect. However, PVA fiber was more likely to be pulled out rather than
ruptured under wet conditions because free water weakened the cohe-
sion strength of PVA fiber with cement paste [23]. Nanomaterials can
improve pre-peak stiffness and post-peak ductility of UHTCC under high
strain rate [24]. In Chen et al.’s research [24], 2 % nano silica (NS), nano
titanium dioxide (NT) and nano calcium carbonate (NC) by mass of
cementitious material can slightly improve the mechanical properties
and strain rate sensitivity of UHTCC under dynamic compression load.
However, the micro-level evidence and explanations provided for these
differences were insufficient.

PE and PVA fibers are usually used as reinforcements to improve the
ductility of UHTCC because of their relatively low modulus and satis-
factory tensile strength [28]. During these years, many researchers have
devoted themselves to finding alternatives to replace traditional PE and
PVA fibers. For example, BF, SF and hybrid fiber have been attempted to
in the preparation of UHTCC [28,29]. SF possesses better physical and
mechanical properties than traditional synthetic fibers, especially its
elastic modulus (about 200 GPa) is obviously higher than that of PE fiber
(about 66 GPa) and PVA fiber (40 GPa) [30,31]. In Li et al.’s research
[30], UHTCC with 1.5 % volume fraction of SF and 2.0 % volume
fraction of PVA fiber exhibited better dynamic behaviour than SF rein-
forced concrete and UHTCC with only PVA fiber. Similar to SF, BF can
also improve the dynamic compression performance of UHTCC [32].
However, the elastic modulus of SF and BF are excessively high, which
enhance the dynamic compressive strength at the expense of the
strain-hardening ability of UHTCC [28,32]. The static tensile strain ca-
pacity of UHTCC made with BF in Zhang et al.’s research [28,32] was
only 0.5 %. Similarly, the static tensile strain capacity of SF cementitious
composites was only about 1.0 % [20]. Therefore, it is difficult to

Fig. 2. Dynamic compression stress-strain curves of cementitious composites
with traditional synthetic fibers [25–27].
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prepare UHTCC with solely these two fibers to achieve a
strain-hardening capacity of over 3 % that is routinely perceived to be
desirable [29,33]. As a result, researchers usually apply them in
conjunction with conventional synthetic fibers to meet both dynamic
compressive strength and tensile ductility requirements [29,33,34].

3.2. Dynamic tensile load

The most prominent feature of UHTCC is its significant pseudo-strain
hardening behaviour under direct tensile load [35]. Therefore, the en-
ergy absorption capacity of UHTCC is much higher than those from
ordinary concrete and normal fiber-reinforced concrete [36]. The ad-
vantages of UHTCC in high ductility and high toughness are outstanding
when subjected to dynamic loads [37,38]. However, most of known
mechanical properties of UHTCC come from quasi-static tensile experi-
ments. The strain rate has a significant impact on the tensile properties
of UHTCC, and a constant strain rate during dynamic tensile tests can be
achieved by adjusting the loading velocity of the direct tensile machine
[39,40].

The tensile stress-strain curves of UHTCC made with PVA fiber in
Fig. 3 disclose the strain rate effect on the tensile properties of UHTCC.
Under quasi-static tensile load (strain rate=3.7 ×10-5 s-1), UHTCC
specimens showed obvious strain hardening trait [41]. Specifically, the
ultimate tensile strain exceeded 4.5 % without significant decrease in
tensile strength [41]. As the strain rate increased, the tensile strain ca-
pacity of UHTCC decreased gradually, whereas the strength was
improved [41]. When the tensile strain rate reached 3.7 × 10-1 s-1, the
strength of UHTCC was increased to nearly 5 MPa [41]. Correspond-
ingly, the ultimate tensile strain was only one-fifth of that under
quasi-static tension [41].

To obtain a higher strain rate, Hou et al. [37] installed a drop
hammer system based on traditional static tensile test equipment to
provide an instantaneous tensile load with high strain rate for UHTCC
dumbbell specimens through the gravitational potential energy of the
drop hammer. The test results of Huo et al. [37] are similar to the
conclusions in the low strain rate. The tensile strain capacity of UHTCC
decreased while the tensile strength increased with the rising of impact
height [37].

Although Huo et al. [37] successfully applied direct tensile load with
high strain rate on UHTCC dumbbell specimens, this dynamic tensile
load was transient and unstable. Li et al. [39] used a professional
high-speed servo control dynamic tensile apparatus to apply a sustain-
able and stable dynamic tensile load with a strain rate of 90.01 s-1. The
test results of UHTCC made with PVA fiber are shown in Fig. 4. It can be
seen that when the strain rate was between 0.9 s-1 and 9.71 s-1, the
stress-strain curve was approximately consistent with the findings in

Fig. 3 [39]. However, when the strain rate reached 46.41 s-1 and
90.01 s-1, the trend of stress-strain curves changed obviously [39]. The
pseudo-strain hardening plateau disappeared, and UHTCC specimens
exhibited more brittle failure characteristics similar to those under dy-
namic compression [39].

Fig. 5 shows the typical failure patterns of UHTCC dumbbell speci-
mens made with PE fiber under quasi-static and dynamic tensile loads
[42]. Due to the bridge effect of PE fiber, multiple cracks appeared on
the surface of the UHTCC specimen [42]. The development process of
cracks corresponds to the strain-hardening part in the stress-strain
curve. When the strain rate was raised, the number and width of
cracks decreased because high strain rates increased the probability of
fiber fracture, resulting in the bridging effect not being fully utilized [43,
44].

Researchers usually use the thermo-activated mechanism to explain
the strain rate effect under dynamic compression [45]. The
thermo-activated mechanism suggests that the energy required to create
new cracks in a concrete specimen is higher than the propagation of old
cracks [45]. As shown in Fig. 6(a), at high strain rates, the energy within
the concrete specimen has no time to dissipate [45]. As a result, a large
number of new cracks parallel to dynamic compression loads will be
generated and then destroy the specimen [45]. This can be verified by
the severe fragmentation failure mode of concrete specimens under high
strain rate dynamic compression. However, this theory fails to well
explain the strain rate effect of UHTCC under dynamic direct tensile
load, because many studies found that dynamic tensile stress tends not
to propagate uniformly in dumbbell specimens, thus leading to a

Fig. 3. Stress-strain curves of PVA fiber reinforced UHTCC under dynamic
direct tension [41].

Fig. 4. Stress-strain curves of UHTCC under dynamic tensile loads at high
strain rates [39].

Fig. 5. Failure patterns of UHTCC under different strain rates of direct tensile
load [42].
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decrease in the number of cracks in concrete specimens [39,43]. Instead,
the viscosity mechanism gives a better explanation [39,43]. The vis-
cosity mechanism regards the free water and Calcium Silicate Hydrate
(C-S-H) gel in concrete as a viscous liquid as shown in Fig. 6(b). When
the particles in concrete are separated by a high strain rate dynamic
load, the viscous liquid will provide a recovery force for particles. This
additional recovery force increases the dynamic tensile strength of
concrete, and the cracks perpendicular to dynamic tensile loads are
generated on the specimen. In addition, the inertia mechanism can also
be used to explain the mechanical performance of UHTCC under dy-
namic tensile load [46–49]. The inertial effect of the solid particles
within the UHTCC under high-speed loading provides additional
spurious strength to specimens [46,50].

When concrete slabs and beams are subjected to explosion or impact
loads, their free rear surfaces will instantly produce tensile stress with a
strain rate of more than 10 s-1 [51]. However, it is difficult for direct
tensile experiments to achieve a strain rate exceeding 1 s-1. Only Ranade
et al. [42] and Li et al. [39] achieved this strain rate requirement
through special equipment in their experiments. Most importantly, it is
difficult to avoid load eccentricity and uneven deformation of dumbbell
specimens in direct tensile tests, especially at high strain rates [45]. The
SHPB system is a common machine used to test the impact mechanical
properties of concrete materials. The dynamic splitting tensile properties
of UHTCC can be obtained by adjusting the loading direction of Bra-
zilians disc specimens so that the diameter direction is subjected to
impact loads [52,53]. Fig. 7 shows the stress-strain curves of SF and PE
fiber reinforced UHTCC under splitting tensile impact loads.

Zhao et al. [51,52] used the above method and tested the dynamic
splitting tensile strength of UHTCC containing PVA fiber and SF. The
results are similar to those of the dynamic direct tensile tests at low
strain rates, but the increase rate in tensile strength decreased at high
strain rates [51,52]. For example, when the strain rate was 4.7–6.3 s-1,

the splitting tensile strength increased by 30.9–59.3 % compared to the
quasi-static state, whereas the growth ratio decreased to 10.8–22.3 %
when the strain rate increased from 4.7–6.3 s-1 to 9.9–11.0 s-1 [51,52].
Gong et al. [54] obtained similar conclusions using digital image cor-
relation (DIC) technique to observe the crack development pattern of
carbon textile and short polymer hybrid fiber UHTCC under impact
tensile load. Several peak stresses appeared in the test data, and the DIF
of peak stress corresponding to the initial crack was always the largest,
because inertia plays an important role [54].

SHPB splitting tensile tests have some limitations. For example, it is
difficult to observe the unique multi-crack behavior of UHTCC in split
tensile experiments [53,55]. However, the width and number of cracks
determine the strain-hardening capacity of the composite [53,55]. Park
et al. [56] used an improved strain energy frame impact machine
(I-SEFIM) to apply dynamic tensile loads with strain rates of up to
161 s-1 on UHTCC bell-shaped specimens. They found that SF can
effectively improve the dynamic tensile strength of the composite [56].
However, equally important properties such as ultimate tensile strain
capacity and energy absorption capacity are jointly affected by the
matrix, fiber and fiber-matrix interface [56]. Simply increasing the
volume fraction of SF would greatly raise the material cost without
improving the strain and energy absorption capacities of UHTCC at high
strain rates [56]. Pyo and El-Tawil [53] established a finite element
model of modified strain energy frame impact machine (M-SEFIM).
Simulation and experimental results show that peak stress, strain ca-
pacity and strain dissipation capacity were all significantly influenced
by strain rate variations [53].

3.3. Dynamic flexural load

Flexural strength and the corresponding deformation capacity are
important indicators for evaluating concrete beams. Fig. 8 shows the
flexural load-crack width curves of UHTCC beams under dynamic flex-
ural loads. Under the high strain rate, the ductility of UHTCC beam
reduced obviously, but the specimen can withstand higher flexural loads
[57]. Ismail et al. [58] tested the flexural performance of UHTCC beams
reinforced by different fibers under impact loading. They found that
those composite specimens could withstand more impact flexural loads
than ordinary concrete beams [58]. The UHTCC beam reinforced by SF
can maintain its integrity after being subjected to 1463 times of ACI
impact loads (ACI Committee 544), whereas the UHTCC with PE and
PVA fiber broke in half under the same loads, indicating that SF has a
better bridging effect and stitching action [58]. For UHTCC beams with
initial fracture, Gao et al. [57] found that as strain rate increased from

Fig. 6. The schematic diagrams of UHTCC failure mechanism under dy-
namic loads.

Fig. 7. Stress-strain curves of UHTCC under impact tension.
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0.0004 mm/s to 1 mm/s, the initial cracking load increased by 57.6 %,
the peak load rose by 46.5 %, and the fracture energy decreased by
20.8 %. Hou et al. [59] used numerical simulations to apply an impact
flexural load to the UHTCC rectangular plate reinforced by 2 % PVA
fiber. They hypothesized that fibers would provide bridging force and
dissipate energy at cracks [59]. Therefore, as the curing age of speci-
mens increased, the fiber-matrix bonding strength enhanced to an idea
value, and UHTCC exhibits more obvious multiple cracking behaviour
under the same impact load [59].

4. Dynamic performance of UHTCC under cyclic loads

4.1. Low-frequency cyclic load

Fiber-reinforced UHTCC has better energy dissipation capacity than
traditional concrete and UHPC, so it can still maintain good integrity
under impact loads [60,61]. However, the damage within the UHTCC
may gradually accumulate under cyclic loads and cause the UHTCC
structure to collapse during long-term service [62–64]. Investigating the
mechanical performance of UHTCC under cyclic loading can help
evaluate its long-term performance.

Each compression cycle on UHTCC specimens is accompanied by
elastic and plastic strains [65]. In the rising branch of the stress-strain
curve, the UHTCC is dominated by elastic deformation, so the spec-
imen can almost return to its original state upon unloading [65,66].
However, as the number of compression cycles increased, the
compressive stress of the envelop curve reached a peak value and sig-
nificant residual deformation occurred after unloading, which is due to
the gradual accumulation of damage within the composite [67]. In
addition, the hysteresis appeared, that is the reloading ascent curve can
no longer follow the previous unloading curve because the cracks within
the UHTCC expanded, whereas the remaining intact matrix can provide
elastic deformation for the next compression [68]. In the last few cycles,
the elastic deformation part of the stress-strain curve shortens and the
post-peak curve becomes gentler [68].

Cyclic compression stress-strain curves of UHTCC and ordinary
concrete are shown in Fig. 9. It can be seen that 0.9 % PP fiber and 1 %
SF can effectively restrain the crack extension and improve the peak
compressive stress. The descending section of the stress-strain curve for
SF reinforced UHTCC is much flatter, indicating that SF still has a
satisfying bridge effect when the cracking width expands to a large
value. In contrast, the slope of the descending segment of the stress-
strain curve for 0.9 % PP fiber-reinforced UHTCC is greater than that
of ordinary concrete. The tensile strength of the PP fiber used in Wu
et al.’s research [60] is only 400 MPa, which is much lower than that of
SF, normally over 1000 MPa. During cyclic compression, the increasing

crack width leads to fracture of some PP fibers, which results in more
brittle damage characteristics after the stress-strain curve reaches the
peak point [60]. Wang et al. [64] adopted high quality PP fibers with
tensile strength over 550 MPa. Based on the envelop curves, Wang et al.
[64] indicated that increasing the volume fraction of PP fiber can reduce
the slope of the descending section of the stress-strain curve. However,
excessively increasing the content of the fiber could make them difficult
to disperse evenly during the mixing process, which may have a negative
impact on the strength and ductility of concrete [64,69,70].

Tensile stress is more sensitive to microcracks [71]. As a result, the
elastic deformation of the concrete materials is limited in tension [62,
71]. As shown in Fig. 10, the UHTCC specimens were accompanied by
obvious residual strains after each tensile cycle, and the residual strains
gradually increased in the last few cycles as internal damage accumu-
lated. Another difference with the cyclic compression stress-strain curve
is that the unloading and reloading branches of each cycle almost
overlap, because there is almost no elastic deformation under tensile
stress for UHTCC specimens [62,71]. This also demonstrates the gen-
eration of numerous microcracks within the UHTCC after the first tensile
cycle and the gradual expansion of these cracks in subsequent cycles
without creating new cracks in the remaining intact matrix [62]. In
addition, according to Fig. 10 (a) and (b), the increase in the volume
fraction of SF from 1 % to 2 % does not significantly enhance the peak
tensile stress of UHTCC. As per the above explanation, tensile stress can
capture microcracks within the UHTCC and promote the expansion of
these microcracks in subsequent cycles. It should be noted that a higher
amount of SF increased the volume fraction of interfacial transition zone
(ITZ) between SF and paste matrix [68]. ITZ is usually considered as a
collection of pores and cracks in the concrete material, and the contri-
bution of excess SF to the improvement of bridge effect becomes negli-
gible [67,68]. The increase in peak tensile stress to 7 MPa for UHTCC
specimens containing 3 % SF is mainly due to the effect of the mixture
proportion differences [63].

The UHTCC beam can be divided into an upper compression part and
a lower tension part under cyclic flexural load [67]. It can therefore be
seen as a combination of cyclic compression and cyclic tension. The peak
flexural load of 2 % SF-reinforced UHTCC was significantly improved
compared to 1 % SF-reinforced UHTCC, shown in Fig. 11. In addition,
the higher content of SF also increased the area of the hysteretic loops,
indicating a better energy dissipation capacity [72]. However, on the
other hand, the degradation process of UHTCC beams containing 2 % SF
was more rapid under cyclic bending loads. After flexural cycles with a
displacement of 0.5 mm, the bending load of the UHTCC containing 1 %
SF decreased from the peak value of 92.1 kN to 13.7 kN in the 10th
cycle, with a decrease of 78.4 kN, whereas the bending load of the
UHTCC containing 2 % SF decreased from the peak value of 135.8 kN to
29.3 kN in the 10th cycle, with a decrease of 106.5 kN. This is because

Fig. 8. Dynamic flexural properties of PVA fiber reinforced UHTCC at various
strain rates [57].

Fig. 9. Stress-strain curves of UHTCC under cyclic compression load.
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the excessive SF improved the volume fraction of weak regions in the
matrix of UHTCC [72,73].

4.2. High-frequency fatigue load

The repeated loading with higher frequency and longer duration can
be defined as high-frequency fatigue load. Concrete structures exposed
to machine- and vehicle-induced vibration over the years can suffer from
significant damages caused by fatigue loading [74]. Similar to the
principle of ordinary cyclic loading, fatigue loading eventually leads to

structural failure by gradually expanding the initial damage within the
concrete [75]. The bridge effect of fibers on microcracks within concrete
remains positive under fatigue loading [75,76].

The fibers on the failure surface of UHTCC subjected to static
compression show both rupture and pull-out patterns, as shown in
Fig. 12 (a), whereas the pattern is different when subjected to fatigue
loads [77]. As shown in Fig. 12 (b) dark areas marked by dashed lines
appeared on the failure surface of the UHTCC specimen under fatigue
compression. It can be observed from SEM images that these regions are
the initial failure surfaces of the UHTCC in the early stage of fatigue
compression, and the friction traces were remained in the subsequent
repeating load [77]. PVA fiber ends within these regions were crushed in
grinding and friction [77,78].

In fact, the composite matrix and fibers at the failure surface would
not always exhibit grinding and friction state during the whole fatigue
damage progress [78]. Li et al. [78] divided the fatigue compression
damage process of PVA fiber reinforced UHTCC into three stages, as
shown in Fig. 13. In the stage I, the fatigue deformation increased
rapidly and microcracks were generated inside the UHTCC specimens
[78]. Subsequently, the bridge effect of PVA fibers takes effect and the
UHTCC specimen enters a deformation stabilization period where the
fibers rupture or is pull-out [78,79]. At the end of stage II, most of the
PVA fibers fail and the fiber ends that are on the friction traces are
ground and crushed [78]. In the stage III, the cracks on the failure sur-
face expand rapidly with a significant increase in deformation [78,80].
The additional fracture surface in stage III expands throughout the
specimen in the last few cycles, and the fibers showed a rapture and
pull-out modes in these new regions [78].

Fig. 10. Stress-strain curves of UHTCC under cyclic tensile load: (a) 1 % SF [61]; (b) 2 % SF [61]; (c) 3 % SF [63].

Fig. 11. Load-displacement curves of UHTCC under cyclic bending load [61].
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Fatigue life, the number of fatigue load cycles, is commonly used to
assess the ability of concrete materials to resist fatigue loading. Fatigue
test results are influenced by parameters such as loading frequency, level
and direction [81–83]. Fig. 14 shows the fatigue life of plain concrete,
2 % PVA fiber reinforced UHTCC and 0.57 % SF reinforced concrete
under different compression stress levels. A roughly linear relationship
between fatigue life and stress level can be observed, with the fitting

coefficients R2 all exceeding 0.7. The concrete specimen with 0.57 % SF
by volume is similar to plain concrete in a way that when the stress level
increased from 0.70 to 0.90, both of their fatigue lives decreased from
104 to around 102. PVA fibers with a volume fraction of 2 % can effec-
tively improve the fatigue life of cementitious composite at the same
stress level. However, when the stress level increased from 0.70 to 0.90,
the fatigue life of PVA fiber reinforced UHTCC decreased rapidly from
106 to 103.

The fatigue life of plain concrete and UHTCC does not show a strong
linear relationship with the frequency of compressive loading, as shown

Fig. 12. Failure patterns of PVA fiber reinforced UHTCC under static and fatigue compression [77]: (a) Static compression; (b) Fatigue compression.

Fig. 13. The crack extension process of UHTCC under fatigue compression
load [78].

Fig. 14. Compression fatigue life of UHTCC under different stress level.
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in Fig. 15. However, it can still be seen that the fatigue resistance of
composite materials is more evident at higher loading frequencies. Ac-
cording to the test results of UHTCC under dynamic compression loading
summarised in Section 3, a high strain rate enhances the ultimate
strength before the failure of UHTCC [84]. As a result, UHTCC can
withstand more loading cycles under a higher frequency cyclic loading.
In addition, the difference in fatigue life of UHTCC with plain concrete
and ordinary fiber reinforced concrete at various compression loading
frequencies is not as significant as that under changing stress level
conditions, which may be due to that the strain rate effect weakens the
contribution of fibers [85–87].

More researchers tested the flexural fatigue life of UHTCC beams.
The mechanical properties of concrete are strongly influenced by the
mixture ratio, therefore, even for plain concrete, there are still signifi-
cant differences in studies at the same stress level [88–90]. Similar to the
results in Fig. 14 there is a clear linear relationship between flexural
fatigue life and stress level for plain concrete and UHTCC in Fig. 16,
except for y4. PP fiber, PE fiber and PVA fiber can all bridge cracks and
improve the flexural fatigue life of UHTCC especially at a higher stress
level [91,92].

5. Dynamic performance of UHTCC under destructive
penetration loads

5.1. Drop weight load

The restraining effect of fibers on cracks results in strong damage
tolerance and high energy dissipation capacity of UHTCC specimens,
whichmeans that the UHTCC plate canmaintain its integrity under large
magnitude impact load [93]. Drop weight impact test is often used for
the dynamic properties of concrete slabs subjected to multiple loads

with constant impact energy [94]. According to the applied impact en-
ergy and the crack development pattern, the dynamic performance of
the UHTCC can be assessed.

The number of drop hammer blows corresponding to the appearance
of the first crack and the final destruction of UHTCC specimens with
different fibers were collected and shown in Fig. 17. Plain concrete
cracked and damaged in the 8th drop weight loads, indicating that plain
concrete presented little ductility without fiber reinforcement [95,96].
After the addition of PP fiber with a volume fraction of 1.5 % or PVA
fiber with a volume fraction of 1 % to the composite, the number be-
tween first crack blow and failure blow appeared to be different, which
signified that there was a certain degree of ductility in the composite
materials at this time [97]. When the volume fraction of PVA fiber
increased to 2 %, the ductility of the composite was significantly
enhanced with the most significant difference resulting in Ismail et al.’s
research [96,98]. The difference between the number of first crack blow
and failure blow was more than 300. In addition, PE fiber with a volume
fraction of 2 % also had a significant enhancement effect on the ductility
of concrete [99]. In the study by Ismail et al., [96,98] the number of first
crack blow of 2 % PVA fiber reinforced UHTCC was 69, whereas the
number of failure blow increased to 351. Due to the high tensile strength
and elastic modulus of SF, 2 % SF reinforced UHTCC presented the most
excellent drop weight impact resistance [98]. The number of blows
corresponding to the first crack of SF reinforced UHTCC was 200, and
the number of final failure blow was up to 717. However, the hybrid
fiber reinforced UHTCC consisting of 1 % PVA fiber and 1.5 % PP fiber
did not exhibit the strain-hardening phenomenon that was so evident in
the study of Ismail et al. [98,100]. This may be related to the design of
the mixture proportion and the drop weight testing program (including
the weight and height of the drop hammer) [101–103].

Fig. 18 shows the impact energy of UHTCC panels subjected to drop
weight loads. The impact energy results are similar to the number of
cracking blows, and the initial cracking energy of plain concrete is the
same as that of failure impact energy, which was only 160 J. When
concrete contains 1.5 % PP fiber or 1 % PVA fiber in concrete, the en-
ergy dissipation performance of concrete slabs during drop weight
impact was significantly enhanced [97,103]. In the test results of Ismail
et al. [96,98] the initial cracking impact energy of 2 % PVA fiber rein-
forced UHTCC reached about 1700 J and the failure impact energy
reached about 8000 J, whereas this difference was not significant in the

Fig. 15. Compression fatigue life of UHTCC under different frequency.

Fig. 16. Flexural fatigue life of UHTCC under different stress level.
Fig. 17. The number of the first crack occurred and final failure blows of
UHTCC specimens.
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drop weight test results for the UHTCC with 1 % and 2 % PVA fiber by
volume in Lin’s and Ali’s research, respectively [97,101]. This is mainly
because of the difference in the physical properties of PVA fiber and the
curing age of UHTCC specimens [97,101]. The contribution of PE fiber
on the energy dissipation performance of UHTCC under drop weight
impact was slightly lower than that of PVA fiber, but there was still a
difference of 5625 J between the initial cracking impact energy and the
failure impact energy [98]. The energy dissipation enhancement of SF
on UHTCC specimens under drop hammer impact was the most obvious,
with the initial cracking impact energy and failure impact energy
reaching 3990 J and 14304 J, respectively [98]. In contrast to the
number of blows, the composite materials containing 1 % PVA fiber and
1.5 % PP fiber exhibited a certain degree of energy dissipation capacity
[94]. However, this was not as evident as that of composites reinforced
with 2 % PVA, PE, and SF [94].

5.2. High speed projectile impact

For building with higher safety requirements, such as hydroelectric
dams, nuclear power plants and military installations are generally
required to withstand projectile impacts with higher strain rates [104].
Researchers used a smoothbore powder gun to launch ogival-nosed
projectiles to impact concrete slabs of finite thickness, as shown in
Fig. 19 [105]. The morphology features of the crater on the front face,

the scab on the rear face and the striking velocity and residual velocity
are the most important indices to assess the projectile impact resistance
of concrete materials.

A high-speed camera can be used to capture the speed of a projectile
when it penetrates a concrete slab as well as when it leaves the slab
[106–108]. Xu et al. [107,108] fabricated PVA fiber and SF-reinforced
concrete slabs with a volume fraction of 2 %, respectively. Taking two
plates connected to an electron oscillograph as a reference, the
high-speed camera showed that the velocity of the projectile decreased
by 19.0 % (from 1003 m/s to 812 m/s) after penetrating plain concrete
slabs [104]. Under the similar striking velocity, the value decreased by
23.0 % and 58.0 % after penetrating concrete slabs containing PVA fiber
and SF respectively [107,108]. This indicates that PVA fiber and SF can
effectively dissipate the impact energy of the projectile at high striking
velocity. Peng et al. [105] fabricated concrete slabs with a thickness of
50 mm and SF volume fraction of 2 %. The test results show that for
projectiles with striking velocity between 256–478 m/s, the residual
speed was reduced by 11.1 %− 31.6 % after perforation [105].

The equivalent diameters of crater and scab are important indicators
for evaluating the extent of damage to concrete slabs by projectiles [109,
110]. When the projectile contacts the concrete slab, the front surface is
in a complicated tensile-compressive stress state and a crater generates;
when the projectile penetrates and leaves the concrete slab, the tensile
stress wave forms a scab on the rear surface [109,110]. The difference on
the mechanism of these two damage modes results in a scabbing area
that is generally larger than the cratering area [109,110]. It can be seen
from Fig. 20 that compared to plain concrete slabs in the study of Xu
et al. [108], when the projectile passes through the concrete slab con-
taining PVA fiber with a volume fraction of 2 %, the equivalent cratering
diameter decreased by 27.0 %− 44.9 % and the equivalent scabbing
diameter decreased by 27.0 %− 40.5 %. In addition, Peng et al. [105]
reported that SF can also constrain the matrix and significantly reduced
the diameter of the crater and scab. It should be noted that in addition to
striking velocity and fiber reinforcement, the size of crater and scab is
also affected by the thickness of the concrete slab, the concrete mixture
ratio and the morphology of the projectile [47,104,111]. Since the
thickness of the UHTCC slabs used by Maalej et al. [47] was only 75 mm
(vs. 360 mm in Xu et al.’s research [108]), the equivalent diameter of
the crater remained on concrete slabs containing 0.5 % SF and 1.5 % PE
fiber was larger than the equivalent diameter of crater left on plain
concrete slab in Xu et al.’s projectile impact tests [108].

The penetration depth in the projectile impact test of concrete slab
can be defined as the distance from the front surface to the nose of the
projectile or the distance from the front surface to the initial point of the
scab [112]. It can be seen from Fig. 21 that within the same striking
velocity range, the impact energy absorption effect of synthetic fiber was
not obviously reflected on the penetration depth, especially for the
thinner thickness plates in the studies of Maalej et al. [47]. When the
striking velocity was between 500–1000 m/s, the penetration depth

Fig. 18. The first cracking impact energy and final cracking impact energy of
UHTCC specimens.

Fig. 19. The projectile and crater on a concrete slab after perforated test [105].
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remained between 40–70 mm for plain concrete and UHTCC slabs. This
is because the fibers provide strain hardening behavior to the concrete
slab and help dissipate fracture energy. As a result, concrete slabs
reinforced with PVA fiber, PE fiber and SF maintained better integrity
after projectile impact. The scabbing area of UHTCC slabs was smaller
than plain concrete slabs, which avoids spalling and splashing of con-
crete fragments at the rear surface of the slabs as shown in Fig. 22.
However, the projectile left a longer channel and therefore a larger

penetration depth at this time. In addition, Xu et al. [108] observed the
lateral crack distribution of a concrete slab subjected to the impact of a
projectile with 30 mm in diameter, which is shown in Fig. 23. They
found that a wide main crack emerged on the side surface of the plain
concrete slab, whereas several narrow parallel cracks distributed on the
side surface of the concrete slab containing 2 % SF [108]. This demon-
strates that SF provides a certain degree of strain-hardening capacity to
the concrete slab. There were no significant cracks on the sides of the
concrete slab containing 2 % PVA fiber, indicating that the dissipation of
tensile stress waves by PVA fiber was more significant [108].

5.3. Blast load

In today’s unstable international situation, an increasing number of
terrorist attacks or accidental explosions can expose concrete structures
to impact loads with extremely high energy in an instant [107,109,113].
UHTCC materials with high energy dissipation capacity and fracture
energy can effectively withstand explosion impact and prevent concrete
debris from splashing and harming the public [112,114]. Similar to the
damage caused by the projectile impact, blast loading would create a
compressive stress wave and leave a crater on the front surface of the
concrete slab [112,114,115]. The compressive stress wave conducted to

Fig. 20. Equivalent damage sizes of UHTCC slabs under projectile impact loads: (a) the equivalent cratering diameter; (b) the equivalent scabbing diameter.

Fig. 21. The penetration depth of projectile impact tests on UHTCC slabs with
different fibers.

Fig. 22. Schematic diagram of projectile tests on plain concrete and
UHTCC slabs.

Fig. 23. The crack distribution of UHTCC slabs after suffering from projectile
impact loads [108].
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the back of the concrete slab transforms into a tensile-compressive stress
interaction wave and forms a scab on the back surface [116,117]. Fig. 24
compared the damage of a normal RC slab and a UHTCC slab subjected
to the same mass of TNT explosive impact. The size of the crater on the
top surface of the concrete slab is larger than the size of the scab on the
bottom surface. The UHTCC slab reinforced by fiber has smaller di-
mensions of damage from blast loads than normal reinforcement con-
crete (RC) for the same concrete matrix strength, reinforcement ratio,
geometry size and amount of explosive used [118]. Xu et al. [119]
conducted blast tests on concrete slabs and found that the crater created
by 200 g TNT blast loads on ordinary RC slabs surrounded by numerous
radial cracks and the concrete slab lost the ability to withstand loads. In
contrast, there were fewer radial cracks on the front surface of the
UHTCC slab, and the concrete fragments on the back surface were
attached to the slab under the bonding effect of the PVA fiber on the
cement matrix [119]. In the subsequent three-point bending tests,
UHTCC slabs can still withstand bending loads of 40–70 kN after sub-
jecting to blast impact [119]. Moreover, Chilvers et al. [118] collected
and measured the concrete fragments produced by blast impacts on
normal RC slabs and UHTCC slabs. The sizes of concrete fragments
collected under normal RC slabs were distributed from blow 1.7 mm to
above 19 mm, whereas the concrete fragments collected under UHTCC
slabs were mainly above 19 mm [118]. This indicates that the bonding
of fiber to the cement matrix played a key role in resisting the blast
impact and reduced the splashing of small-sized concrete fragments.

Fig. 25 shows the damage diameter measured by researchers for
normal RC panels and UHTCC panels. The test data in the different ex-
periments varied considerably because the amount of TNT explosive, the
geometry size and the heterogeneity of concrete panels had a large in-
fluence on the results [109,120,121]. Both 2 % PVA fiber, 2.5 % SF and
hybrid fiber (1.75 % PVA fiber and 0.58 % SF) were effective in reducing
the blast damage diameters of concrete panels. Specifically, crater
damage diameter was reduced by 22.6 %, 50 % and 47.5 % respectively,
whereas spall damage diameter was reduced by 66.8 %, 45.1 % and
34.4 % in these three groups of experiments. It is worth noting that the
crater damage diameter on the top surface of the UHTCC panel with 2 %
PVA fiber was larger than the spall damage diameter on the bottom
surface because the UHTCCmatrix fabricated by Li et al. [117] absorbed
most of the blast impact energy, and the stress wave transmitted to the
bottom surface was lower, which did not cause serious damage.

Note: In each group, the first two bars represent normal RC panels

prepared in each experiment; the last two bars represent fiber-reinforced
UHTCC panels.

6. Seismic load for UHTCC structures and elements

The failure and collapse of concrete frame structures under seismic
load are mainly induced by the insufficient shear strength and ductility
of the plastic zones at beam-column joints [122–124]. For this reason,
numerous researchers conducted seismic tests on reinforced concrete
(RC) short columns to predict the performance of concrete frame
structures under seismic load and to achieve better seismic resistance of
concrete structures by taking advantage of the higher ductility and
excellent energy dissipation properties of UHTCC [125–127].

The column-footing connection in the test contains a foundation
beam and a short column, as shown in Fig. 26 (a). The loading devices
include a hydraulic jack and a hydraulic actuator, which are used to
apply constant axial loads and seismic loads, respectively. The column-
footing connection is secured to the ground by steel plates and bolts.
LVDTs and strain gauges are used to obtain hysteresis curves of the
specimens under seismic loads.

Research usually use PVA fiber or PE fiber with volume fraction of
2 % to fabricate UHTCC reinforced concrete short columns [128,130].
Due to the restraining effect of PVA fiber and PE fiber on cracks, the RC
short columns fabricated by UHTCC can still maintain their integrity
after failure [127,128,130]. Bai et al. [128] reported that ordinary RC
columns damaged by seismic loading formed a plastic hinge at
0–300 mm from the bottom, showing a bending-shear failure mode.
However, the cracks from seismic loads on the short columns fabricated
by UHTCC were dominated by fine and dense microcracks with plastic
hinges rising up to 250–500 mm from the bottom [128]. Fig. 26 (b)
shows the skeleton of hysteresis curves obtained in seismic tests. Based
on these curves, PVA fiber and PE fiber with a volume fraction of 2 %
can enhance the peak load and ultimate load of RC columns in seismic
tests, while a more significant improvement was observed in the
deformation capacity. Bai et al. [128] found that the UHTCC reinforced
concrete columns had an enhancement of 4.3 % in ultimate load over
normal reinforced concrete columns, whereas the enhancement in ulti-
mate displacement was 23.8 %. Zhang et al. [125] showed that the peak
load of UHTCC-reinforced concrete columns containing 2 % PVA fiber
was elevated by 22.9 %, while the peak displacement was improved by
49.6 % compared to normal RC columns. Similarly, Wu et al. [129] re-
ported that the peak load of UHTCC-reinforced concrete columns
decreased by 14.2 % compared to normal RC columns, while the peak
displacement was enhanced by 8.5 %. The decrease in seismic load ca-
pacity of UHTCC columns is mainly due to the difference in the mixture
ratio of concrete [129,131,132]. In Wu et al.’s experiments [129], the
cubic compressive strength of plain concrete was 69.2 MPa, whereas the

Fig. 24. Typical damage pattern of UHTCC panel after blast impact [118]: (a)
Top surface of ordinary RC panel; (b) Bottom surface of ordinary RC panel; (c)
Top surface of UHTCC panel; (d) Bottom surface of UHTCC panel.

Fig. 25. Damaged diameter of UHTCC panels.
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cubic compressive strength of UHTCC was only 49.7 MPa.
In comparison to yield point, peak point and ultimate point of hys-

teresis curves, the conclusion of existing studies on cumulate energy
(Ec), displacement ductility coefficient (μ) and ultimate drift ratio (θu)
are more consistent [125,126,129,133]. Table 1 summarizes the results
of existing seismic experiments on UHTCC-reinforced concrete columns.
Interfered by mixture ratio, fiber distribution, loading scheme and
spalling of debris, fibers may present a negative effect on the displace-
ments and forces at critical points of seismic hysteresis curves in the test
results of some researchers [123,125,131]. In contrast, Ec, μ and θu,
which are calculated by geometrical size, deformation and seismic loads
applied to the UHTCC columns, can provide a more stable assessment of
the contribution of fibers in seismic tests. As shown in Table 1, the
available test results all indicate that fibers improve the plastic defor-
mation performance and energy dissipation performance of concrete
columns under seismic loads. Specifically, the test data of Zhang et al.
[125] show that the μ and θu of UHTCC-reinforced concrete columns
with a volume fraction of 2 % PVA fiber were improved by 42.0 % and
77.4 %, respectively, compared to those of ordinary RC. Yuan et al.
[126] found that Ec of UHTCC reinforced concrete columns at the ulti-
mate state was 72.5 % higher than that of ordinary RC columns.

In addition to column-footing connections, Qudah and Maalej [135]
tested the seismic behavior of UHTCC beam-column connections. The
results show that replacing the plain concrete in the plastic joints of
beam-column connection with UHTCC can effectively improve the
seismic energy absorption capacity, shear force resistance and cracking
performance of joints [135]. Similarly, Abbas et al. [131] found that
1.5 % SF improved the energy absorption performance of beam-column
connections by 3.8 times and ductility ratio by 1.5 times. For more
complicated structures, Yu et al.’s [136] focus was directed towards

examining the impact of reinforcing masonry walls with ECC layers. The
experimental findings unveiled significant alterations in various
response parameters, including acceleration, strain, displacement, and
dynamic characteristics both before and after the application of ECC
strengthening [136]. Overall, the outcomes underscored a substantial
enhancement in the impact resistance of masonry walls subsequent to
ECC layer reinforcement [136]. Furthermore, it was observed that the
presence of the ECC layer had the advantageous effect of shifting the
failure mode from brittle to a more ductile behavior, even when sub-
jected to higher levels of impact [137]. Deng et al. [138] and Dong et al.
[130] established two-story masonry buildings using PVA fiber rein-
forced UHTCC as shown in Fig. 27. They applied seismic loads on
two-story structures by a shaking table and found that UHTCC signifi-
cantly increased the shear capacity and overall stiffness of damaged
masonry [130,138]. No noticeable main cracks or detachments were
observed on the UHTCC overlay [130,138]. Walls retrofitted with
UHTCC overlays exhibited robust resistance to seismic loads and
maintained adequate safety margins under 9 R degree (peak ground
acceleration = 1.171 g) earthquakes in comparison to traditional ma-
sonry and confined masonry wall structures [130,138].

7. Numerical simulation of UHTCC specimens and structures
under dynamic loads

Dynamic experiments usually have a low effective-cost ratio, espe-
cially for projectile impact tests, blast tests and seismic tests, and re-
searchers often only obtain failure patterns as test results, which
prompts the use of numerical simulations [134–136]. Table 2 summa-
rizes the existing numerical simulation methods for the dynamic per-
formance investigation on UHTCC. Among them, ABAQUS and

Fig. 26. Seismic tests for UHTCC columns: (a) Seismic test setup for UHTCC column [128]; (b) Skeleton of hysteresis curves [125,127–129].

Table 1
Summary of seismic test results of UHTCC columns.

Fiber type λ Pa (kN) Yield point Peak point Ultimate point Ec μ θu Refs.

Dy Py Dp Pp Du Pu

2 % PVA fiber 1.5, 2 515.6 ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ [125]
2 % PVA fiber 3.25 1222 - - ↓ ↓ ↑ ↓ ↑ — — [127]
2 % PVA fiber 2 350 ↓ ↓ ↑ ↓ - — — ↑ ↑ [129]
2 % PVA fiber 1.6 224 − 1242 ~ ↑ ~ ↑ ↑ ↑ ↑ ↑ - [126]
2 % PE fiber 2.5 596 ↑ ↑ ↑ ↑ ↑ ↑ - ↑ ↑ [128]
2 % SF 4.2 550.5 − 1406 ↓ ↑ ↑ ↑ ↑ ↑ ↑ ↑ ↑ [134]
1.5 % SF 4 1000 ~ ~ ~ ~ ↑ — ↑ — — [133]
0.15 % PP fiber 4 1000 ↑ ↑ ↑ ↑ ↑ — ↑ — — [133]
1.5 % SF+ 0.15 % PP fiber 4 1000 ↑ ↑ ↑ ↑ ↑ — ↑ — — [133]

Note: λ represents shear span-to-depth ratio; Pa represents axial load; Dy and Py represents yield displacement and yield load respectively; Dp and Pp represents peak
displacement and peak load respectively; Du and Pu represents ultimate displacement and ultimate load respectively; Ec represents ultimate cumulate energy; μ
represents displacement ductility coefficient; θu represents ultimate drift ratio; symbol ‘↑’ represents positive effect; symbol ‘↓’ represents negative effect; symbol ‘~’
represents no clear effect; symbol ‘—’ represents the parameter was not analysed in the study.
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LS-DYNA are the most used finite element modelling software. Yildirim
et al. [95] used three-dimensional 10-node modified tetrahedrons
(C3D10M) in ABAQUS software to develop a finite element model of a
UHTCC beam. They found that the concrete damage plasticity model,
which is commonly used to represent the inelastic behavior of concrete
cannot accurately reflect the unique strain-hardening capability of
UHTCCmaterials subjected to sudden impact loads [95]. Yin et al. [112]
reported that the explicit simulation software LS-DYNA and Karagozian
& Case concrete/cementitious model (K & C model) can accurately
simulate the explosion and projectile penetration damage of concrete
slabs, whereas the simulation of seismic load and low-velocity impact
was less accurate. Considering the bridge effect of fibers on cracks, Yin
et al. [112] systematically modified the K & C model parameters for
UHTCC. The accuracy of the calibrated parameters was verified using
data from drop weight tests, projectile penetration tests and explosion

tests [112]. Wu et al. [109] developed a dynamic constitutive model
considering the damage evolution and strain-hardening properties of
UHTCC. The LS-DYNA software was used to simulate the projectile
penetration and blast loads of the UHTCC panel [109]. Compared with
the traditional Holmquist-Johnson-Cook (HJC) model,
Riedel-Hiermaier-Thoma (RHT) model and K & C model, the dynamic
model proposed by Wu et al. [109] has minimal error in predicting
damage sizes of UHTCC panels subjected to projectile penetration and
blast loads. Liao et al. [113] pointed out that the stress-strain curve of
UHTCC under directed tension has an obvious plateau stage, while or-
dinary concrete is a typical brittle material. The numerical models that
have been widely used to analyze concrete materials, such as the K & C
model and HJC model, may not be suitable for analyzing the dynamic
performance of UHTCC under blast loads [113]. Therefore, Liao et al.
[113] selected a plasticity compression tension model (MAT 124), which
is commonly used to describe metals and plastics in the LS-DYNA soft-
ware, to describe the behavior of UHTCC at high strain rates. The nu-
merical analysis results show that UHTCC with high scale distance and
reinforcement ratio possesses better explosive resistance capacity [113].
Xu et al. [107,119] proposed an explicit dynamic constitutive model
suitable for analyzing the dynamic performance of UHTCC by improving
HJC model. Compared with experimental data, the model proposed by
Xu et al. [107,119] can predict the damage caused by embedded ex-
plosion and projectile impact loads on UHTCC panels (with the error of
crater size, penetration depth and crack distribution lower than 5 %).
For the numerical simulation of the seismic performance of concrete
structures, Abbas et al. [131] created a 3D nonlinear finite element
model using ABAQUS software. The parametric analysis results show
that a reasonable SF content (volume fraction of around 1.5 %) can
restrain crack extension under seismic loads and significantly improve
the ductility of concrete structures [131]. Bai et al. [128] used concrete
damage plastic model in ABAQUS to analyze the seismic performance of
a concrete column. As shown in Fig. 28, the plastic hinge of the normal
RC column under seismic loading appeared at the column-foundation
connection. The plastic hinge can be relocated away from the
column-footing connection by using UHTCC and pre-embedded H-sha-
ped steel. Compared to the normal H-shaped steel reinforced column,
the RC column fabricated by UHTCC can spread seismic loads to a larger
area, which enhances the plastic deformation ability of the column
[139–142].

8. Conclusions and perspectives

This paper presents a review of the research progress of fiber-
reinforced UHTCC under various dynamic loads. The influences of
fiber type and strain rate on the strain-hardening behavior, high
ductility and energy dissipation ability of UHTCC were the focus of
attention. The roles played by fibers under various loading conditions
were analyzed from theoretical aspects. Finally, the applicability of
UHTCC on concrete structures has been confirmed by shaking table tests

Fig. 27. The two-story masonry building with UHTCC layer and crack patterns under seismic loads [138].

Table 2
Summarization of numerical simulation for UHTCC under dynamic loads.

Fiber type Loading condition Software UHTCC model Refs.

1 % and 2 %
SF

Cyclic load ABAQUS Plastic-Damage
model

[61]

2 % PVA fiber
and 2 %
nylon fiber

Drop weight load ABAQUS Concrete plastic-
Damage model

[95]

— Drop weight load,
explosion, high-
speed penetration

LS-
DYNA

Improved Karagozian
and Case concrete/
cementitious model

[112]

— Blast and high-
speed impact
loading

LS-
DYNA

Improved Holmquist-
Johnson-Cook model

[107]

2 % PVA fiber High-speed impact
and contact blast
loads

LS-
DYNA

A dynamic
constitutive model

[109]

0.5 % SF,
1.5 % PE
fiber and
2 % PVA
fiber

High-velocity
projectile impact

LS-
DYNA

Mat 72R3-Concrete
Damage model

[106]

2 % PVA fiber Blast load LS-
DYNA

Concrete Damage
Model (MAT72 R3)

[119]

2 % PE fiber
and 2 % SF

Blast load LS-
DYNA

Plasticity
compression tension
model (MAT124)

[113]

2 % PVA fiber Contact explosion LS-
DYNA

improved Karagozian
& Case model
(MAT72R3)

[117]

1.75 % PVA
fiber and
0.58 % SF

Contact explosion LS-
DYNA

improved Karagozian
& Case Concrete
model

[118]

1 %, 1.5 %,
2 % and
2.5 % SF

Seismic load ABAQUS Brittle cracking
model

[131]

2 % PE fiber Seismic load ABAQUS Concrete damage
plastic model

[128]
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and finite element simulations. Based on the stress-strain curves and
damage patterns obtained in the existing research, the following con-
clusions can be drawn up:

(1) Synthetic fiber can restrain the crack extension of cementitious
composite under dynamic loads and enhance the energy dissi-
pation capacity of the material. The peak strain and post-peak
ductility of the dynamic compressive stress-strain curve of
UHTCC were higher than those of plain concrete. The combined
use of SF and synthetic fiber such as PE fiber and PVA fiber can
effectively improve the dynamic compressive strength and dy-
namic tensile strength without obviously sacrificing the strain-
hardening ability of UHTCC.

(2) The dynamic compressive strength, dynamic compressive energy
dissipation and dynamic tensile strength of UHTCC gradually
increased with strain rate and the peak stress of UHTCC was more
sensitive to strain rate than plain concrete according to DIF. The
deformation ability of UHTCC decreased with the increase of
tensile strain rate. When the tensile strain rate exceeded 30 s-1,
the UHTCC may lose the strain-hardening ability and exhibit
brittle damage characteristics, because the fracture damage of
fiber predominated at a high strain rate.

(3) The flexural strength of UHTCC beams subjected to dynamic
bending loads increased gradually with strain rate, whereas the
ductility decreased steadily, which was caused by fiber breakage
at a high strain rate. UHTCC beams with SF can withstand
bending loads with higher strain rates and maintain their integ-
rity after damage.

(4) SF and PP fiber with high tensile strength can restrain crack
expansion and elevate peak stress of UHTCC specimens under
cyclic compressive loads and bending loads. In comparison, the
peak stress of UHTCC specimens under cyclic tensile loads was
less affected by SF because the tensile load is more sensitive to

microcracks, and the excess SF increased the volume fraction of
the weak zone within the matrix.

(5) The compression fatigue life and flexural fatigue life of UHTCC
showed a strong linear relationship with stress level. PP fiber,
PVA fiber, PE fiber and SF can enhance the fatigue life of UHTCC.
However, the linear relationship between compression fatigue
life and compression frequency was not obvious, and the fatigue
life of UHTCC under high-frequency fatigue compression loads
was not significantly different from that of plain concrete. This is
probably because high strain rate weakens the reinforcement
effect of fiber.

(6) The energy dissipation performance of UHTCC slabs under drop
weight load, projectile impact load and blast load was higher
than that of plain concrete. UHTCC panels containing 2 % PE
fiber, PVA fiber and SF by volume can withstand more impact
loads. Moreover, projectile impact load and blast load caused less
damage size to UHTCC slabs than normal concrete because of the
restraining effect of fibers on matrix.

(7) RC structures with UHTCC as matrix had higher ductility, plastic
deformation capacity and energy dissipation ability under
seismic loads. The application of UHTCC in the column-footing
connection helped relocate the plastic hinge to the middle of
the column from the root and spread seismic loads to a larger
area. For masonry buildings, UHTCC overlay with PVA fiber can
improve shear capacity and ductile behaviour.

(8) Researchers usually choose ABAQUS and LS-DYNA software for
numerical simulation of UHTCC structures. Conventional models
for ordinary concrete materials cannot reflect the strain-
hardening characteristics of UHTCC, especially when the speci-
mens are subjected to seismic loads and low-velocity impact
loads. For finite element analysis of UHTCC structures under
dynamic loads, it is necessary to adjust the existing model to
enhance the importance of plastic deformation parameters.

Fig. 28. Finite element analysis of normal RC and UHTCC columns [128]: (a) Equivalent plastic strain of normal RC column; (b) Equivalent plastic strain of H-shaped
steel RC column; (c) Equivalent plastic strain of UHTCC column; (d) Steel skeleton of normal RC column; (e) Steel skeleton of H-shaped steel RC column; (f) Steel
skeleton of UHTCC column.
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(9) UHTCC is produced through a systematic design of cementitious
matrix and fiber based on the fracture mechanics and micro-
mechanics. It achieves a tensile capacity of more than 3 % and the
higher tensile strength than plain concrete. High bonding
strength at fiber-matrix interface would negatively impact the
deformation ability of UHTCC, whereas the low bonding strength
at fiber-matrix interface would reduce the ultimate strength
under dynamic loads. A clearer connection needs to be estab-
lished between the fiber-matrix interface bonding strength and
dynamic performance of UHTCC.

(10) Due to the satisfying tensile strength, plastic deformation ability
and energy dissipation capacity, UHTCC has the potential to be
used in building structures and improve their impact resistance.
Currently popular smart construction technologies, such as 3D
printing, can be attempted to produce UHTCC elements, and the
dynamic properties of 3D printed UHTCC specimens deserve
investigation.

(11) The fibers commonly used to prepare UHTCC are synthetic fibers
and SF, which cause energy consumption and environmental
pollution. The deformation performance and energy consump-
tion capacity of UHTCC with low-carbon and sustainable fibers
and related modified fibers require further examination.
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