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The dynamic response of ultra-high-performance concrete (UHPC) hollow
beams under drop-weight impact loading was investigated through a combined
experimental and numerical simulation. High-speed cameras were utilized
to record the dynamic response process of the UHPC hollow beams. The
structural response process was categorized into four distinct phases: the
initial peak loading phase, the steel fiber pull-out phase, the unloading phase,
and the structural stabilization phase. A finite-element model developed in
ABAQUS/Explicit accurately reproduced the experimental results and was
employed to elucidate deformation and failure mechanisms. Further parametric
studies revealed that the peak impact load increases with the height-to-width
ratio under constant structural thickness. Beams with a height-to-width ratio
of 1.4 exhibited stable post-peak load-bearing behavior. Moreover, for a fixed
height-to-width ratio, configurations with greater thickness along the height and
reduced thickness along the width demonstrated enhanced impact resistance.
These findings provide valuable insights for the design of impact-resistant UHPC
structures, highlighting the importance of geometric optimization to improve
performance under dynamic loading conditions.
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1 Introduction

Ultra-high-performance concrete (UHPC) is a high-toughness cementitious composite
material composed of cement, mineral admixtures, aggregates, fibers, chemical additives,
and water. It exhibits ultra-high mechanical properties and exceptional impermeability
and has been widely applied in the construction industry (Bajaber and Hakeem, 2021;
Tayeh et al., 2019; Xue et al., 2020).

Modern infrastructure predominantly utilizes concrete as the base material. Structural
components such as beams, columns, and piers may experience varying levels of impact
loads, including collisions between vehicles and bridge barriers, highway guardrails, or ships
and bridge piers (Zhou et al., 2018). Localized damage caused by impact loads can propagate
throughout the structure, leading to a loss in its original load-bearing capacity (Jia et al.,
2021). Fan et al. (2019) conducted drop-weight tests on three types of UHPC columns with
different nesting configurations, revealing that UHPC nested at the impact location and
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column ends exhibited the poorest impact resistance. Wei et al.
(2019) performed drop-weight impact tests on square and
circular UHPC and normal-strength concrete (NSC) columns,
proposing a theoretical method to evaluate the residual load-
bearing capacity of UHPC columns post-impact. Wu et al. (2019),
Wang et al. (2019a), and Wang et al. (2019b) systematically
of UHPC-filled
tubes under varying boundary conditions, impact energies,
and steel tube thicknesses.
adjusting the impact energy and the ratio of outer-to-inner

investigated the dynamic responses steel

Their results demonstrated that

steel tube thickness significantly enhanced structural impact
resistance.

In recent years, researchers worldwide have extensively studied
the response mechanisms and energy dissipation of UHPC-based
materials and structures under dynamic loading (Li et al., 2015;
Yan et al., 2022; Astarlioglu and Krauthammer, 2014). Jia et al.
(2021) experimentally and numerically analyzed the low-velocity
impact performance of reinforced UHPC members, proposing a
parameter generation method for the UHPC continuous surface
cap (CSC) model. This model was validated through drop-weight
tests on reinforced UHPC specimens. Khosravani et al. (2019)
employed a modified Hopkinson bar to analyze cylindrical UHPC
specimens with different mix proportions under a strain rate
of 30s7!, determining their dynamic elastic modulus, tensile
strength, and specific fracture energy. Fujikake et al. (2006)
conducted drop-weight tests on simply supported I-shaped UHPC
beams with 2.6% longitudinal reinforcement. Flexural distributed
cracks were observed at the mid-span bottom of the beams,
leading to the development of a two-degrees-of-freedom theoretical
model. Yoo et al. (2015) and Yoo et al. (2016) investigated the
impact resistance of fixed rectangular cross-section UHPC beams
with varying reinforcement ratios and steel fiber types. Their
findings indicated that increasing the reinforcement ratio and
incorporating 2% straight steel fibers significantly improved impact
resistance.

Existing studies on the dynamic response of UHPC structures
have primarily focused on solid and composite configurations.
Compared to solid UHPC or composite systems, hollow beams
offer significant advantages in reducing self-weight and material
usage while maintaining high mechanical performance, making
them particularly suitable for applications where weight savings and
sustainability are prioritized, such as long-span bridges, protective
structures, and advanced prefabricated elements. The novelty of
this work lies in the integrated experimental and numerical
approach to systematically reveal the failure mechanisms and
energy dissipation characteristics specific to hollow UHPC cross-
sections under impact, which have not been adequately addressed
in previous studies focused predominantly on solid or composite
UHPC members. This research establishes the influence of key
geometric parameters, such as height-to-width ratio and directional
thickness distribution, on impact resistance, providing new insights
for the optimized design of hollow UHPC structures under dynamic
loads.

To address this gap, this study investigates the dynamic response
of UHPC hollow beams subjected to impact loading. Drop-
weight tests were conducted to evaluate the impact resistance and
fracture mechanisms of UHPC hollow beams under varying impact
velocities. High-speed cameras were employed to record structural
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dynamic responses. A finite-element model was developed
using ABAQUS, and its reliability was validated by comparing
simulated structural responses and impact force-time histories with
experimental observations. Parametric analyses were performed to
examine the influence of wall thickness and height-to-width ratio
on the impact resistance of UHPC hollow beams under a constant
cross-sectional area.

2 Experimental investigations
2.1 Specimens and experimental setup

The dynamic impact tests on UHPC hollow beams were
conducted using a DHR9401 self-weight drop-weight impact testing
platform, as illustrated in Figure 1. The support blocks were
placed horizontally on the testing platform, and the specimen was
positioned on top of the support blocks under its own weight, with
no additional constraints between the specimen and the supports.
The specimen had a total length of 550 mm, a width and height
of 150 mm, and a wall thickness of 30 mm. The contact length
between the specimen and the support blocks was 25 mm, resulting
in an effective specimen length of 500 mm. The drop hammer,
made of 64 HRC chromium steel with a diameter of 80 mm, was
equipped with a sensor at its tip to record the impact force-time
history during the test using an oscilloscope. A high-speed digital
image correlation (DIC) camera was placed in front of the specimen
to capture the deformation process after impact. The i-SPEED 7
high-speed camera, manufactured by the UK-based company iX-
Cameras, was connected to a computer via i-SPEED software.
During testing, two cameras were triggered simultaneously with the
dynamic strain gauge and the impact hammer. Finally, the captured
dynamic response signals were processed using a typical transfer
path analysis method to generate a cloud diagram and time-history
curves of the calibrated impact area on the specimen.

Gan et al. (2024) summarized the distribution of dynamic strain
rates in concrete under impact, seismic, and blast loading, as well as
the achievable strain-rate ranges of different testing apparatuses. The
dynamic strain rates induced by accidental loads during the service
life of concrete structures generally do not exceed 107" s™!. Based on
the practical service conditions of concrete structures, impact tests
were conducted using a wedge hammer with a mass of 0.52 kg and
an additional counterweight of 30 kg, released from heights of 0.1 m
and 1 m, respectively.

The UHPC hollow beams were fabricated using the following
raw materials: cement, mineral powder, silica fume, calcium
powder, coarse sand, medium sand, fine sand, water reducer,
defoamer, expansion agent, water, and copper-coated steel fibers.
The specific mix proportions were as follows: cement (850 kg/m?),
mineral powder (50 kg/m?), silica fume (50 kg/m?), calcium powder
(50 kg/m?), coarse sand (590 kg/m?), medium sand (210 kg/m?),
fine sand (200 kg/m?), water reducer (5 kg/m?), defoamer (2 kg/m?),
expansion agent (0.16 kg/m3 ), water (185 kg/rn3 ), and copper-
coated steel fibers (1.5% by volume). Standard quasi-static tests
confirmed that the UHPC material achieved a compressive strength
of no less than 120 MPa and a tensile strength of no less than 7 MPa
after 28 days of curing.
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FIGURE 1
Experimental setup of drop-weight test.
2.2 Expe rimental results the variation of impact force with response time after the specimen

was subjected to drop-weight impact, and qualitative results, which
The dynamic impact test results of the UHPC hollow beams  illustrate the typical deformation modes and overall dynamic
were categorized into two parts: quantitative results, which describe  response processes.
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FIGURE 2
Impact force—time curve of a UHPC hollow beam under different
impact velocities.
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FIGURE 3

Response process analysis of a UHPC hollow beam.

Figure 2 presents the impact force-time history curves of the
UHPC hollow beams under drop-weight impacts at heights of 0.1 m
and 1.0 m. Ten specimens were tested for each of the two impact
loading conditions. The experimental data for each condition were
represented by the average of force-time histories from at least
three tests that showed high reproducibility. The structural response
process under the drop height loading (Figure 3) was divided into
four phases: Initial peak load phase: The impact force rapidly
reached its peak. Steel fiber pull-out phase: The force fluctuated
due to fiber bridging effects. Unloading phase: The force decayed as
cracks propagated. Structural stabilization phase: The residual force
stabilized after significant damage.

During the initial loading phase, the UHPC hollow beam
specimen undergoes elastic deformation. The interface between the
fibers and the concrete matrix is the first to deteriorate, during
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which microcracks within the specimen initiate and propagate
independently. As the response progresses, the bridging effect of the
steel fibers across the concrete matrix results in a gradual decline
in load-carrying capacity with increasing deflection. The debonding
and slip between the steel fibers and the matrix cause minor
fluctuations in the response curve. The failure of the interfacial zone
induces stress concentration in the surrounding concrete matrix,
accelerating crack propagation at the tips and leading to the failure of
the concrete matrix. Dispersed microcracks continue to initiate and
expand, eventually coalescing into macrocracks. Once macrocracks
form, the dominant crack at the mid-span propagates rapidly,
resulting in the failure of the specimen.

Under the 0.1 m drop height, the peak impact force was 0.34 kN.
During the steel fiber pull-out phase, the force oscillated between
0.18 kN and 0.24 kN. Complete unloading occurred at 0.01 s, after
which the force stabilized. For the 1.0 m drop height, the peak
force increased to 0.49 kN, with oscillations between 0.13 kN and
0.28 kN. Structural failure occurred at 0.004 s, leading to a rapid
decline in load-bearing capacity (Figure 2). Notably, higher impact
energies shortened the response durations during the pull-out and
unloading phases.

The UHPC hollow beams demonstrated distinct impact
resistance characteristics under varying impact energies. The
peak impact force increased with impact energy, while higher
energy impacts also widened the fluctuation range during the
pull-out phase. Compared to the 1.0 m drop height, the peak
force at 0.1 m decreased by 26%. DIC images captured at critical
time points (Figure 4) revealed the deformation process. 0.1 m
impact: Cracks initiated at the bottom and propagated upward,
but the specimen retained partial integrity after fiber pull-out. 1.0 m
impact: Cracks rapidly extended from the bottom, causing complete
fiber debonding and structural collapse at 0.004 s. The random
distribution of steel fibers in the UHPC matrix led to non-uniform
strain localization. For instance, under the 0.1 m impact, fracture
locations deviated from the loading point due to fiber heterogeneity.
The dynamic response process of the UHPC hollow beam observed
in the experiment is similar to the responses reported by Fan et al.
(2019) and Yoo et al. (2015). Under a drop height of 1 m, the UHPC
hollow beam exhibited a flexural failure mode, while under a drop
height of 0.1 m, it displayed a shear failure mode. The specimen
was placed horizontally on the supports and was free to rotate at
the boundaries when subjected to impact loading. As a result, no
cracking occurred at the boundaries of the UHPC hollow beam
under either impact condition. Post-processing of DIC data for the
1.0 m impact case (Figure 5) revealed strain (e, €,,) and stress ( f,,
]g,y) distributions at 0.004 s. The maximum tensile strain and stress
occurred along the length direction, decreasing upward. Minor
scattered strains in the height direction highlighted the influence of
fiber randomness on localized deformation.

As shown in Figures 2-4, the UHPC hollow beams exhibit
distinct fracture failure modes under different impact loading
conditions. For the given material and geometric parameters, the
load-bearing capacity of the UHPC hollow beam increases with the
applied impact energy. Under higher impact energy, the structure
experiences complete failure and loses its load-carrying capacity.
After the initial peak load is reached, the pull-out behavior of
steel fibers contributes to a stable plateau stage in the structural
response. Once the steel fibers are completely pulled out, the
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FIGURE 4

Response process of a UHPC hollow beam under different impact velocities.

structure undergoes total failure. It is noteworthy that, as cracking
develops, the load-bearing capacity of UHPC shows no significant
change with increasing impact velocity. The UHPC hollow beam
exhibits better energy absorption performance under lower impact
velocities. The current test specimens were standard UHPC hollow
beams with uniform wall thickness. In practical applications,
the geometric parameters of the structure should be adjusted to
meet specific requirements for load-bearing capacity, stiffness, and
serviceability.

The tests provided insights into the dynamic deformation
modes, impact force evolution, and failure mechanisms of UHPC
hollow beams under varying impact velocities. When the drop
height is 0.1 m, the cracking location of the UHPC hollow beam
does not coincide with the loaded area. The primary source of
experimental error is attributed to the non-uniform distribution
of steel fibers during the preparation of the UHPC hollow beam.
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The test environment and the precision of the instruments also
influence quantitative data such as the recorded load-displacement
history. Therefore, further numerical simulation is necessary to
better understand the dynamic response of the UHPC hollow beam
under impact loading. In addition, the influence of cross-sectional
dimensions and wall thickness on impact resistance requires further
numerical investigation.

3 Numerical simulations

3.1 FE model

The dynamic response of the UHPC hollow beam under drop-
weight impact loading was simulated using the finite element
software ABAQUS, as illustrated in Figure 6. In the model, the X,

frontiersin.org


https://doi.org/10.3389/fmats.2025.1684084
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org

Shen et al.

10.3389/fmats.2025.1684084

FIGURE 5

Strain and force analysis of a UHPC hollow beam at 0.004 s under impact load with a drop-weight height of 1 m.

Y, and Z-axes correspond to the width, height, and length directions
of the UHPC hollow beam, respectively. The finite-element model
consists of three components: the hammer, the UHPC hollow beam,
and the support blocks. The support blocks and hammer were
modeled as rigid bodies. The support blocks were assigned fully
fixed boundary conditions. The hammer was given an initial velocity
along the negative Y-axis. Hard contact (Hard Contact) with a
friction coefficient of 0.2 was defined between the hammer, UHPC
hollow beam, and support blocks. All components (hammer, UHPC
hollow beam, and support blocks) were meshed using C3D8R
hexahedral elements. The UHPC hollow beam was discretized with
a mesh size of 5 mm, as further refinement did not significantly
improve computational accuracy.

The numerical simulations were performed on a high-
performance computing platform with the following specifications:
an Intel Xeon Scalable Platinum 8457C processor with 96 cores and
192 threads, NVIDIA Quadro A2000 6 GB GDDR6 Professional
Graphics Card, a base frequency of 2.6 GHz, a maximum turbo
frequency of 3.8 GHz, and a TDP of 350 W, based on the latest
Sapphire Rapids architecture. The processor supports a maximum
memory frequency of 4,800 MHz and cutting-edge technologies,
including Intel® AMX, Intel® SSE4.2, Intel® AVX, Intel® AVX2, and
Intel® AVX-512 instruction sets. Eight processors were employed in
parallel for the finite element simulations to significantly enhance
computational efficiency.

The concrete damaged plasticity (CDP) model in ABAQUS was
employed to simulate the nonlinear mechanical behavior of UHPC
under tensile and compressive loading (Zhu et al., 2020). When
defining the UHPC material properties using the CDP model, the
stress—strain relationship must be converted into a stress-inelastic
strain relationship. The derivation of the tensile and compressive
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FIGURE 6
Finite-element model.

stress—strain relationships for UHPC is as follows:

né-&
fc—l+(n—2)f 0<e<g, . Ee,
o(e) = == n= (1)
f 5 €>£0 £0 Ecso_fc
20&-1+¢
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TABLE 1 Material parameters of UHPC hollow beams.

42.45 GPa 125 MPa 7.5 MPa 3500 pe 193 e 776 e 0.4 0.6
E O<e<e simulation is described by a “radial enhancement” approach
o(e)=1 €0 e (2)  (Zhou et al, 2023; Kong et al., 2018):
fo Eo<ESE
Ype(Ppgp) = DIF - Y(P),P = Ppy/ DIF (6)

Where E, f,, and ¢, are the elasticity modulus, compressive
i i i 3Py + f,, - DIF
strengtl.l, and compressive strain .correspondmg to UHF’C at ff’ DIF = DIF,, + (DIF, - DIF.,) piF + for ot @)
respectively. f,,, &, are the tensile strength and tensile strain f.DIE + f,,-
corresponding to UHPCat f,, respectively. ¢, is the ultimate tensile
strain of UHPC.

If the damage parameters of UHPC during stretching and

Where Yy and Ppj: are the failure equivalent stress and
hydrostatic pressure that take compression as positive under
impact loading, respectively. DIF is the dynamic increase factor,
compression are activated when it reaches the yield strength, the p . 8 P Y Y .

which is defined separately for compressive (DIF.) and tensile

d t lculated as follows:
amage parameters are calcuiated as foflows (DIF,,) behavior. Combining Table 1 and Equations 6, 7, the rate

e"=¢—0gJE, &"=¢—0,[E, 3) dependency can be defined in the CDP model.
_ oE! e
be=1-—7 = @ 3.2 Verification of the FE model
A (b— - 1) +0.E;
ok Figure 7 compares the experimental and simulated dynamic

D,=1 (5)

efl(bl _ 1) +0,E response processes of the UHPC hollow beam under a 1.0 m drop-
! weight impact. In the numerical simulation, the red regions in the
Where D, and D, are the compressive and tensile damage  tensile failure contour represent structural fracture. The simulated
parameters of UHPC. o, and g, are the compressive and tensile stress.  deformation modes align well with experimental observations. The
e 'and sf ! are the plastic strains corresponding to compressive stress  tensile failure contour reveals that during the initial peak load phase,
and tensile stress. e‘zl =b Csi", 51;1 = btgi”, 0<b,and b, < 1.Based on  tension-dominated zones emerged at the bottom and mid-span
the difference between our work and the existing results (Gan et al.,  regions of the UHPC hollow beam. As the response progressed,
2024), the constant coefficient and the mechanical parameters of  cracks initiated and propagated upward, leading to a gradual loss
the UHPC material for the test are shown in Table 1. Table2  of load-bearing capacity. Complete structural failure occurred after
shows the compression and tensile material parameters of UHPC.  a through-thickness fracture. Notably, the finite element simulation
The compressive stress and the inelastic strain of compressive  assumed a homogeneous UHPC material and did not account for
behavior and the tensile stress and the fracture strain of tensile  steel fiber effects, thus omitting the fiber pull-out phase observed in
behavior are obtained by the test of standard parts. The damage  experiments.
parameters are calculated using Equation 4 and Equation 5. The The reliability of the numerical model was further validated
standard parts and the UHPC hollow beams used a consistent by comparing the simulated and experimental impact force-time
manufacturing method. Based on the data presented in Table 1, the  histories (Figure 8). The measured peak impact forces from the tests
incorporation of a strain rate-dependent calculation method can ~ were 0.49 kN (1 m drop weight) and 0.39 kN (0.1 m drop weight),
confirm the constitutive model of UHPC material under dynamic ~ while the numerically simulated peak impact forces were 0.51 kN
loading. (1 m drop weight) and 0.38 kN (0.1 m drop weight), corresponding
In the definition of the concrete damaged plasticity (CDP)  to relative errors of 3.92% and 2.63%, respectively. The simulated
material properties, it is also necessary to specify the following  initial peak forces matched the experimental results closely. Due
parameters: the dilation angle, eccentricity, the ratio of the second  to the assumption of material homogeneity in the simulation
stress invariant under tensile to compressive loading (ensuring  (neglecting steel fiber pull-out effects), the post-peak force decayed
the maximum principal stress is negative), the ratio of the initial ~ more rapidly as cracks developed, ultimately stabilizing as the
equiaxial compressive yield stress to the uniaxial compressive yield  structure lost its integrity.
stress, and the viscosity parameter. Based on existing research The CDP model used for UHPC exhibits significant sensitivity
findings, these five parameters are defined as 15°, 0.1, 1.16,0.67,and ~ to compression and tensile damage parameters as well as strain rate.
0, respectively (Al-Osta et al., 2017). Under impact loading, the UHPC hollow beam primarily responds
Previous studies have indicated that UHPC demonstrates a  through bending and shear, where changes in compressive behavior
certain rate dependency under impact loading (Gan et al., 2024;  have a lesser influence on the overall dynamic response than tensile
Feng et al,, 2025). As the strain rate increases, the strength of  parameters. UHPC demonstrates a notable strain-rate strengthening
the concrete also increases. The rate dependency of the current  effect, and whether the strain-rate effect is considered becomes
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TABLE 2 Material parameters of UHPC.

Compressive behavior

Tensile behavior

10.3389/fmats.2025.1684084

Compressive Inelastic strain Damage Tensile stress Fracture strain Damage
stress (MPa) parameters (MPa) parameters

110.86 0.000000 0.000000 7.99 0.000000 0.000000
130.00 0.000252 0.020513 8.10 0.001771 0.685264
124.82 0.000552 0.045387 7.72 0.001931 0.703806
113.09 0.001331 0.110959 7.11 0.002387 0.741537
99.31 0.002159 0.184235 6.43 0.003024 0.779382
95.96 0.002977 0.259605 5.85 0.003579 0.805495
94.02 0.003761 0.333000 5.55 0.003989 0.820139
83.74 0.004506 0.401757 5.12 0.004459 0.836170
75.00 0.005214 0.464569 474 0.004839 0.848272
67.59 0.005891 0.520992 4.19 0.005300 0.863474
61.31 0.006540 0.571051 3.78 0.005705 0.874697
55.96 0.007167 0.615165 331 0.006073 0.886338
51.36 0.007777 0.653952 2.87 0.006506 0.897560
47.38 0.008371 0.688000 2.81 0.006829 0.901114
43.93 0.008953 0.717810 2.75 0.007361 0.905642
4091 0.009525 0.743983 2.65 0.007843 0.910154
38.25 0.010089 0.767003 2.58 0.008195 0.913242
35.88 0.010645 0.787361 248 0.008717 0917542
33.78 0.011195 0.805305 2.39 0.009142 0.920833
31.89 0.011740 0.821256 233 0.009472 0923273
30.19 0.012280 0.835437 223 0.009988 0.926914
28.66 0.012817 0.848056 2.14 0.010437 0.929929
27.27 0.013350 0.859350 2.06 0.010842 0.932530

- - - 1.96 0.011367 0.935776

- - - 1.88 0.011751 0.938062

- - - 1.81 0.012123 0.940211

- - - 171 0.012631 0.943066

- - - 1.63 0.013018 0.945183

crucial for accurately predicting the impact force. Neglecting this
effect may lead to severe underestimation of the structural stiffness
and load-bearing capacity. Furthermore, variations in boundary

Frontiers in Materials

conditions can significantly affect the final failure mode of the
structure. Therefore, in the numerical simulations, the compressive
and tensile damage parameters of the material were determined
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Dynamic response process comparison between the experimental and numerical simulation results.

through experimental tests, the strain-rate effect was incorporated
based on existing research findings, and the boundary conditions
were closely aligned with the actual test setup. Comparisons between
the numerical simulations and experimental results in terms of
deformation failure modes and load-time histories confirm that the
current finite element model demonstrates a higher reliability.

4 Parameter analysis

Under the loading condition of a drop hammer height of
1 m, this study investigates the influence of geometric parameters,
including structural width, height, and thickness in both directions,
on the impact resistance of UHPC hollow beams while maintaining
a constant cross-sectional area. Table 3 summarizes the geometric
parameters of different configurations, where h and b denote the
height and width of the UHPC hollow beam, respectively, and t;, and
t, represent the thickness along the height and width directions.

Frontiers in Materials

4.1 Influence of h/b

Figure 9 presents the final deformation modes of UHPC hollow
beams with a drop hammer height of 1 m and ¢, = f, = 30 mm
under varying h/b ratios. The control group’s structural dimensions
are specified in Section 2.1. It can be observed that the crack
propagation in configurations with h/b = 0.7 and h/b = 1.4 is
comparable to that of the control group, with the h/b = 0.7 case
exhibiting the least crack propagation. When h/b = 0.5, cracks in the
UHPC hollow beam propagate from the central cross-section along
the height direction toward both sides under the loading center.
For h/b = 2.0, catastrophic failure occurs at the mid-span of the
beam. Excessively small h/b ratios increase fracture extent along the
length direction, while overly large h/b ratios aggravate structural
damage.

A quantitative analysis of the impact force-time histories for
UHPC hollow beams with different //b ratios is shown in Figure 10.
The control group exhibits an impact force peak of 0.51 kN. The
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FIGURE 8
Impact force history comparison between the experimental and numerical simulation results.
TABLE 3 Geometric parameters of UHPC hollow beams.
Test h (mm) b (mm) t, (mm) t, (mm)
Test 1 100 200 30.00 30.00
Test 2 125 175 30.00 30.00
Test 3 175 125 30.00 30.00
Test 4 200 100 30.00 30.00
Test 5 150 150 15.00 41.25
Test 6 150 150 25.00 34.50
Test 7 150 150 34.50 25.00
Test 8 150 150 41.25 15.00

UHPC hollow beam with //b = 2.0 achieves the highest impact force
peak of 1.33 kN, representing a 61.7% increase compared to that of
the control group. In contrast, the 4/b = 0.7 configuration shows the
lowest peak of 0.45 kN, 11.8% lower than that of the control group.
The beam with h/b = 1.4 demonstrates stable load-bearing capacity
after the initial peak force phase but loses load-bearing capacity after
0.0006 s, with a peak impact force (0.57 kN) close to that of the
control group.

4.2 Influence of t,/t,

Figure 11 illustrates the final deformation modes of UHPC
hollow beams under different ¢,/t, ratios. When t,/t, < 1, the
structure exhibits a higher fracture extent, with structural damage
intensifying as ¢/t decreases. The configuration with t,/t;, = 0.36
undergoes complete fracture and catastrophic failure. In contrast,
UHPC hollow beams with t,/t, > 1 experience less severe damage,
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achieving minimal deformation at ¢;,/t; = 2.75. Therefore, increasing
the wall thickness along the height direction during structural
design can enhance performance.

A quantitative analysis of the impact force-time
histories for UHPC hollow beams with different t,/t, ratios
is shown in Figure 12. The beam with t,/t, = 0.36 achieves the
highest impact force peak of 1.09 kN, 53.2% higher than that of
the control group, while the #,/t, = 1.38 case shows the lowest
peak of 0.31 kN, 39.2% lower than that of the control group. For
configurations with t,/t, > 1, the reduced thickness along the width
direction leads to pronounced shear effects on the loaded surface
under impact, delaying the initial peak force compared to t,/t;, < 1
cases. Beams with t £,,/t, < 1 exhibit higher impact force peaks and
greater overall stiffness but suffer more severe damage post-impact.

Compared to the aspect ratio (h/b), UHPC hollow beams with
smaller thicknesses along the height direction (t,) demonstrate
more pronounced damage and fracture extent. During structural
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FIGURE 9
Deformation modes of UHPC hollow beams under different h/b ratios.

design, it is critical to ensure sufficient global stiffness and 1. The load was applied at the center of the structure;

rationally define the h/b ratio to achieve optimal impact 2. The loading type was low-velocity impact;

resistance. 3. The UHPC beam was idealized as a thin-walled structure with
In the current study on the dynamic response of UHPC moderate wall thickness;

hollow beams under impact loading, the following idealizations 4. The UHPC mix proportion and steel fiber content were

were adopted: consistent across different loading rates;
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FIGURE 10

Impact force—time history of UHPC hollow beams under different h/b ratios.

5. The UHPC material was modeled using an idealized concrete
plastic damage model in the finite element analysis.

The above idealizations allow qualitative and quantitative
predictions of the deformation and failure modes of UHPC
hollow beams under impact within the studied parameter range.
Further experimental studies tailored to specific load and boundary
conditions will be necessary to extend the analysis to a broader
spectrum of impact loads and structural material/geometric
parameters. Additionally, parameters in the finite element model
should be calibrated based on existing numerical results to improve
the material-structure database. In practical applications, engineers
and designers may use the established dynamic response database of
UHPC hollow beams for preliminary assessment. Subsequently, the
tailored design of the material and structure of UHPC hollow beams
can be carried out according to specific project requirements.

5 Conclusion

The dynamic response of UHPC hollow beams under drop
hammer impact loading was investigated through experimental tests
and numerical simulations. High-speed cameras were employed to
record the structural dynamic response process, and drop hammer
experiments were conducted to validate the reliability of the finite
element model. Based on numerical simulations, the influence
of structural width, height, and thickness in both directions on
the impact resistance of UHPC hollow beams under a constant
cross-sectional area was discussed in detail. The main conclusions
are as follows:
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1. Experimental observations: The dynamic response of UHPC
hollow beams under impact loading was divided into four
stages: the initial peak load phase, the steel fiber pull-out
phase, the unloading phase, and the structural stabilization
phase.

. Effect of aspect ratio (h/b): When the thickness of the
UHPC hollow beam remained constant, the peak impact load
increased with the h/b ratio. However, the configuration with
h/b = 1.4 exhibited stable load-bearing capacity after the initial
peak load phase, demonstrating better impact resistance and a
lower peak impact load.

. Effect of thickness ratio (t,/t}): For a fixed h/b ratio, the peak
impact load increased as t,,/t;, decreased. The beam with ¢,/¢,,
= 0.36 experienced complete fracture and catastrophic failure,
whereas the configuration with ¢,,/t, = 2.75 showed minimal

deformation.

This study provides the first systematic comparison of aspect
and thickness ratios for UHPC hollow beams under impact,
introducing clear design strategies for optimizing performance.
The findings establish practical guidelines for selecting geometric
parameters to tailor impact resistance, enabling safer, more
efficient, and lightweight designs in real-world applications
such as blast-resistant barriers, bridge piers, and protective
infrastructures. By directly linking geometric optimization to
structural performance, this work offers tangible insights for
advancing the use of UHPC in impact-sensitive engineering
applications.
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FIGURE 11
Deformation modes of UHPC hollow beams under different t,/t, ratios.
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6 Directions for future research

This study focused on analyzing the influence of geometric
parameters on the impact resistance of UHPC hollow beams and
established structural response patterns. Future research could

Frontiers in Materials 13

explore filling UHPC hollow beams with other concrete materials to
develop high-performance UHPC composite structures. However,
the material properties of the filler (e.g., hydration, moisture
expansion, thermal effects, autogenous shrinkage, and drying
shrinkage of UHPC) may significantly affect structural durability
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Impact force—time history of UHPC hollow beams under different t,/t, ratios.

and protective performance. Addressing these interactions remains
a critical challenge for optimizing such composite systems.
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