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ABSTRACT

Auxetic cementitious cellular composites (ACCCs) possess advantageous mechanical properties in static tests,
such as high fracture resistance and efficient energy dissipation. However, little attention has been given to
understanding the impact resistance of ACCCs. In this study, two typical elliptical-shaped ACCC specimens, P25
and P50, were designed with major axis lengths increased by 25% and 50 %, respectively, compared to the
reference PO with circular holes. The specimens were architected through additive manufacturing (AM) assisted
casting, and subjected to low-velocity impacts from Schmidt hammer with a consistent initial impact energy.
Their impact resistance was assessed based on impact responses, including rebound value, absorption energy,
localized damage in the impact zone, crack propagation, and peak reaction force during impact. Besides single
impact tests, multiple impact tests were conducted until specimens failed. Their impact results were compared
with those of the reference (P0). A high-speed camera was further used for Digital Image Correlation (DIC) to
analyze strain distribution of the specimens during the brief impact period. Furthermore, a numerical model
considering strain rate effects was developed to simulate the impact behavior of ACCCs, demonstrating good
agreement with experimental data. On this basis, a parametric analysis was performed to evaluate the effects of
impact energy, relative density, specimen size, and RVE size on impact resistance. Both experimental and nu-
merical results indicate that ACCCs demonstrate superior impact resistance compared to the reference (P0). They
exhibit mitigated localized damage in the impact zone and increased contact stiffness. Moreover, ACCCs show
greater endurance under multiple impacts and higher accumulated energy absorption until failure. This
enhanced performance is attributed to auxetic behavior, which draws more material into the impact zone for
dispersing energy and reducing localized damage, thereby maintaining overall structural integrity. Specifically,
P50 exhibits higher impact resistance than P25 due to the enhanced auxetic behavior resulting from its greater
aspect ratio. This creates a greater bending moment to enable more ligaments to dissipate energy through
rotation-induced plastic deformation, thereby reducing localized damage. Considering the widespread avail-
ability of cementitious materials, this study highlights the potential of ACCCs for lightweight, high-performance
protective structural materials for impact mitigation in infrastructure.

1. Introduction

loadings involve a significant transfer of energy within a short duration
and often occur in succession, leading to severe localized damage in the

Low-velocity impact events occur in various infrastructure scenarios,
such as roofs struck by hailstorms and rockfall, vehicle or vessel colli-
sions with bridge pillars [1], and ships collision with docks in harbors.
High-velocity impact events, including debris on runways [2], fragments
from blast loads [3], and ballistic or projectile impacts [4], can also
cause severe structural damage. As extreme dynamic loadings, impact
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impact zone and further compromising structural integrity. This can
cause catastrophic damage and infrastructure collapse, resulting in
significant human and economic losses. The risk of civil and military
infrastructures—including buildings, bridges, tunnels, roads—being
exposed to impact loadings is increasing globally.

Concrete stands out as the most advantageous material for impact
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mitigation in constructing structures, owing to its widespread avail-
ability, exceptional performance, and low cost. When adequately rein-
forced, concrete demonstrates ductile behavior, particularly under
tensile loads. For many years, reinforced concrete (RC) structures have
been extensively researched for their role in constructing protective
infrastructures against impact loading [5-11]. However, due to its
quasi-brittle nature, concrete struggles with tensile stress, leading to
extensive cracking and brittle failure under impact. This can pose risks
to nearby occupants due to high-velocity debris. Incorporating fibers
into the brittle cementitious matrix, as observed in materials such as
strain-hardening cementitious composites (SHCC), notably boosts ten-
sile performance by enabling large tensile strain. This enhancement
assists in resisting crack development and propagation under impact
loading, facilitated by fiber bridging. Consequently, this modification
shifts the failure mode from brittle to pseudo-plastic, thereby enhancing
the structural integrity and safety of the material [12-15]. Nevertheless,
high-performance fiber-reinforced cementitious materials still exhibit
outward material flow from the impact zone during low-velocity
drop-weight impacts [16,17]. This results in reduced material volume
and diminished resistance to indentation. In the case of Split-Hopkinson
Pressure Bar (SHPB) tests and ballistic penetration under high-velocity
impacts, it can even lead to splitting and complete perforation [15,
18]. Such localized damage compromises structural integrity, limiting
the ability to engage additional material to effectively resist further
impacts.

Auxetic materials, characterized by a negative Poisson’s ratio,
exhibit lateral contraction in the perpendicular direction when sub-
jected to compression [19-22]. The lateral contraction results in a
densification of the material at the impact point by pulling material into
the impacted zone, consequently improving impact resistance to
indentation and shear [4,22]. Moreover, auxetic structures achieve
increasing material deformation and crack resistance by pulling the
material inward laterally, thereby achieving higher energy absorption.
Furthermore, the higher porosity in auxetic structures results in lower
mass, leading to increased specific energy absorption. These unique
characteristics of auxetic materials make them highly desirable for
lightweight impact mitigation, offering superior energy absorption,
increased fracture toughness, and enhanced damping capabilities.
Therefore, many researchers have focused on investigating auxetic
metamaterials and their application in protective engineering and
various other fields. Static and impact tests have been carried out to
evaluate various auxetic structures made from composite materials
[23-26]. Additionally, experiments have been performed to assess the
protective performance of lightweight auxetic core sandwich structures
[27-31], which consists of auxetic cores positioned between two thin
but rigid face panels. These auxetic structures effectively adapt to dy-
namic loading by progressively drawing the material into the locally
loaded zone, thereby enhancing energy absorption and improving
impact resistance. Considering the impact behavior of direct local
impact on auxetic materials, Gartner et al. [32] explored geometric
impacts on elastic impact mitigation within architected auxetic meta-
materials by comparing different auxetic structures with a typical
non-auxetic honeycomb structure. Among the structures examined, the
rotated re-entrant structure exhibited the highest lateral pressure wave
speed, indicating significant involvement of surrounding material in
dissipating impact energy.

Recently, auxetic cementitious composites have demonstrated
favorable mechanical properties in static tests, including high fracture
resistance and energy dissipation, due to their unique deformation
characteristics. Xu et al. [33] utilized a fiber-reinforced cementitious
composite as the foundational material and engineered a cellular
structure with regularly spaced elliptical perforations, known as
elliptical-shaped auxetic cementitious cellular composites (ACCCs).
Undergoing uniaxial compression, the ACCCs exhibited an auxetic
behavior characterized by a negative Poisson’s ratio. This distinct
behavior observed was ascribed to the crack bridging mechanism
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occurring within the cementitious matrix. Once pre-compressed to a
specific displacement, this elliptical-shaped ACCC demonstrated a level
of recoverable deformation and a quasi-elastic response when exposed
to dynamic cyclic loading [33,34]. On this basis, Xie et al. [35] devel-
oped peanut-shaped ACCCs to enhance energy dissipation capability,
ductility, and toughness by mitigating stress concentration through the
incorporation of peanut-shaped holes. Xu et al. [36] developed a 3D
auxetic cementitious-polymeric composite structure (3D-ACPC)
comprising a 3D printed polymeric shell and cementitious mortar. This
composite exhibits compressive strain-hardening behavior, ensuring a
high capacity for energy absorption. Chen et al. [37] fabricated 2D
re-entrant, cross-chiral, and buckling-induced auxetic structures using
engineered cementitious composites (ECC) and investigated their me-
chanical response through uniaxial compressive and flexural testing. Xu
et al. [38,39] created auxetic cementitious composites by embedding 3D
printed polymeric auxetic reinforcement structures within cementitious
mortar. These composites demonstrated notable compressive ductility,
high recoverable deformability, and superior energy dissipation capa-
bility through the reciprocal integration of auxetic structures and
cementitious mortar. Nguyen-Van et al. [40] utilized the Primitive
minimal surface, one type of the triply periodic minimal surface (TPMS)
structure, to reinforce cement-based beams. This configuration demon-
strated significant resilience in bearing loads during impact testing.
Chen et al. [18] conducted an experimental investigation into the static
and dynamic compressive behavior of various structures, including 3D
octet, re-entrant honeycomb, and triangular lattice, reinforced with
ultra-high performance concrete (UHPC), as well as steel
fiber-reinforced UHPC. However, there has been no research on the
impact resistance of architected auxetic cementitious materials, leading
to a significant gap in our understanding of their mechanical response
under impact loading.

This study conducted both experimental and numerical in-
vestigations to assess the impact resistance of ACCCs. Two typical
ACCCs, labeled as P25 and P50, were manufactured and subjected to
impact tests by using a Schmidt hammer. The reaction force for each
impact test was recorded. Analysis of the impact test results, which
included rebound value, absorption energy, localized damage in the
impact zone, crack propagation, and peak reaction force during impact,
was performed. A high-speed camera recorded the rapid deformation of
ACCCs during impact loading, enabling DIC analysis of strain distribu-
tion throughout the process. The impact test results of ACCCs were also
compared with those obtained from specimen PO featuring circular
holes. Moreover, a numerical model considering the strain rate effect of
the fiber-reinforced cementitious materials was developed to simulate
the impact behavior of ACCCs. Afterwards, a parametric analysis was
conducted to assess effects of impact energy, relative density, specimen
size, and RVE size on impact resistance. Considering the widespread
availability of cementitious materials, this study highlights the potential
of ACCCs for high-performance protective structural materials for
impact mitigation in infrastructure.

2. Experimental tests
2.1. Specimen design and fabrication

The compressive deformation patterns of ACCCs were significantly
influenced by their geometric features and constituent materials. The
auxetic behavior of ACCCs is induced by the fiber-bridging effect in the
constituent fiber-reinforced cementitious material [33]. In our previous
study [41], the elliptical-shaped ACCCs with chiral sections (P25 and
P50) exhibited a negative Poisson’s ratio (i.e., auxetic behavior) during
quasi-static compression tests due to the fiber-bridging effect. The
numbers in P25 and P50 represent the percentage increase in the length
of the major axis compared to PO with circular holes, corresponding to
25% and 50 %, respectively. Therefore, specimens P25 and P50 were
examined for the impact test. Specimen PO, featuring circular holes,
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Fig. 1. Specimen design and fabrication.
Table 1
Design parameters of specimens (2 x2 cell).
Specimen Major axis Minor axis Aspect One Ellipse area Specimen side length Specimen thickness Specimen volume Relative
series (mm) (mm) ratio (mmz) (mm) (mm) (cm3) density
PO 8 8 1.00 50.27 40 20 15.90 49.7 %
P25 10 6 1.67 47.12 40 20 16.93 52.9%
P50 12 4 3.00 37.70 40 20 19.94 62.3%
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Table 2
Mix ratios of ACCCs (kg/m?>).

Cement  Fly Sand (125 um Water  Superplasticizer VMA  PVA
ash to 250 pym) (Glenium 51) Fiber
453 535 370 450 1.58 0.29 25.6

Table 3
Material properties of PVA fiber.

Diameter  Length Tensile Young’s modulus Density (g/
(um) (mm) strength (GPa) em®)
(GPa)
15 6 1.6 34 1.28

failed to exhibit auxetic behavior in the static compression test, even
when fiber-reinforced cementitious materials were used [41]. It was
used as a reference for comparative analysis in this study. The design
parameters of specimens PO, P25, P50 are shown in Fig. 1 and Table 1.
The aspect ratio of the hole within ACCCs was determined as the ratio of
its major axis to its minor axis. P50 has a greater aspect ratio than P25,
indicating less compressible space.

The quasi-static tests results of the three specimens have been re-
ported in our previous study [41] (see Appendix A). The compressive
process of PO under uniaxial compression was similar to that of con-
ventional fiber-reinforced cementitious materials without auxetic
behavior. A single peak formed after the peak load and propagated
through the cellular structure. However, P25 and P50 exhibited auxetic
behavior under compression and a typical compressive stress—strain
response with two peaks was found. This auxetic behavior resulted in a
typical compressive stress-strain response characterized by substantial
deformation for energy dissipation. Specially, P50 exhibited a greater
magnitude of the negative Poisson’s ratio than P25 before self-contact
within their central elliptical holes during uniaxial compression
testing [41].

These specimens were fabricated using the "indirect printing" process
and additive manufacturing assisted casting. A 4x4 cell for the speci-
mens was first created using an Ultimaker 2 + Fused Deposition
Modeling (FDM) 3D printer with ABS (Acrylonitrile Butadiene Styrene)
as the material. The printed ABS shapes were placed in a cardboard box,
and Poly-Sil PS 8510, a two-component silicone rubber, was mixed in a
1:1 ratio and poured into the box. After curing at room temperature for
at least one hour, the silicone rubber hardened and was removed from
the cubic box. Finally, the cementitious materials were cast into the
silicone rubber mold (Fig. 1d). Once the cementitious materials harden,
these silicone rubber molds are easy to demold and durable enough for

3 : : :

| — - -Experiments
= Experiments(average)

Stress/MPa

Strain/%
(a)

Fig. 2. Constitutive material properties,
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repeated use. Note that the actual mold dimensions may vary within
0.8 mm from the design parameters due to printing quality and the use
of a 0.8 mm nozzle.

The mixture proportions of the ACCCs, detailed in Table 2, were
tailored based on a previous study including CEM I 42.5 N, fly ash, sand
(125-250 pm grain size), water, polycarboxylate superplasticizer, vis-
cosity modifying agent (VMA), and Polyvinyl Alcohol (PVA) fiber. A
fine-grained fiber reinforced mortar served as the constituent material,
with PVA fiber from Changzhou TianYi Engineering Fiber used as
reinforcement at a 2 % volume fraction, as shown in Table 3. Methyl-
cellulose powder from Shanghai Ying Jia Industrial Development Co.
Ltd. was employed as a viscosity modifying agent (VMA) to enhance
fiber distribution. MasterGlenium 51, a polycarboxylate-based super-
plasticizer by BASF (Germany), was utilized to achieve the desired
workability. A water-to-binder ratio of 0.46 was chosen to ensure proper
casting of the cement materials into the small mold, promoting good
fluidity. The dry ingredients, which included CEM I 42.5, fly ash, sand,
and VA, were mixed together using a Hobart machine for a duration of
four minutes. Following this, water and superplasticizer were intro-
duced into the dry mixture, and an additional mixing period of
2 minutes ensued. Subsequently, the fibers were slowly incorporated
into the mortar and mixed for an additional 2 minutes. To ensure uni-
form distribution of the fibers within the matrix, a high-speed rotation
was applied for an additional 5 minutes. The fresh paste was then
poured into silicone molds, filling each mold in two layers. Each layer
underwent 20 seconds of vibration to ensure proper consolidation and
uniform fiber distribution. Finally, plastic films were applied to cover
the molds, preventing evaporation. After three days of curing at room
temperature, the specimens were transferred from the molds to a curing
chamber (20°C, 96 % RH) until they reached 28 days. Then, they were
removed from the chamber, and a cutting machine was used to divide
the 4x4 cell specimen into four 2 x 2 cell specimens. The cutting lines
on the specimens are shown in white in Fig. 1d. The constitutive ma-
terial properties under uniaxial tension and uniaxial compression [35]
are shown in Fig. 2.

2.2. Multiple impact tests

For a cellular geometry with small dimensions, an impact test with
specific impact energy similar to the drop-weight impact test was per-
formed using a Schmidt hammer OS-120PM as an impactor, as shown in
Fig. 3. The Schmidt hammer OS-120PM (Figs. 3a, 3b) is commonly used
for assessing the compressive strength of low strength mortar through
low-velocity impact tests. The fundamental principle of the Schmidt
hammer involves the energy balance between the elastic energy stored
in its springs and the energy absorbed or dissipated upon impact with

30 " ; ; "
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= Experiments(average) 1

N
[6)]

N
o

Stress/MPa
o

-
o

0 1 1 1 L
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Strain/%
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(a) uniaxial tension, (b) uniaxial compression.
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Fig. 3. Schmidt hammer OS-120pm (a) and its impact hammer head with measured dimensions (b), the energy absorption process using the impact hammer as an

impactor (c), experimental setup for multiple impact tests (d).

tested specimens. As shown in Fig. 3¢, when the hammer impacts a
specimen, the specimen’s received energy initially rises with contact
time, peaks at maximum energy as the impactor begins to rebound, and
eventually stabilizes when the impactor loses contact with the specimen.
This stabilized value represents the absorbed energy of the specimen.
For the Schmidt hammer OS-120PM, each single impact delivers 0.833 J
of kinetic energy to the surface of the tested specimen via the impact tip

with measured dimensions in Fig. 3b. Prior to impact, the spring is
preloaded to a fixed original position, denoted as xy= 75. Following
impact on the specimen surface, the impact tip rebounds to another
position, denoted as R, which is recorded as the rebound value of the
impact (returned energy to the hammer [42] in Fig. 3c). The rebound
value also serves as an indicator of the elastic energy returned by
specimens after each impact (refer to Fig. 3c). A higher rebound value
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indicates that a larger portion of the impact energy is returned to the
hammer. This indicates that the specimens retain greater elasticity and
experience less localized damage in the impact zone and less plastic
dissipation throughout the structure. When the rebound value ap-
proaches zero, it means the specimen has absorbed all impact energy
through local damage in the impact zone and plastic dissipation
throughout the structure, leaving no elastic energy to return the
hammer. Ignoring energy dissipation via heat and sound, the energy
absorbed by the specimen, denoted as E, can be expressed by Eq. (1).

7X0—R
Xo

E * Ey (€8}

where Ej is the initial kinetic impact energy. For the Schmidt hammer
0S-120PM, Ep= 0.833 J.

Fig. 3d illustrates the experimental setup for conducting multiple
impact tests on the specimens. The specimens were positioned on the
load cell of Instron 8874, which recorded the reaction force during each
impact. A digital camera was utilized to capture the crack pattern of
specimens after each impact, covering both the front and back sides of
the specimens. Supports were assembled to ensure alignment of the top
surface of the specimens with the bottom surface of the impact tip
(Fig. 3a) of the Schmidt hammer head. During the first impact, the
impact tip is adjusted to strike the center of the specimen’s top surface.
Before the next impact, it is ensured that the impact tip strikes the same
position on the specimen as in the previous impact. At least three rep-
licates were tested for each shape to obtain reliable results.

2.3. Strain analysis using high-speed DIC

Similar to the impact test setup depicted in Fig. 3d, an impact test
setup utilizing a high-speed camera is illustrated in Fig. 4. The high-
speed camera employed was the Photron FASTCAM Mini AX200,
capable of capturing images at a resolution of 1 megapixel (1024x1024

pixels) with a frame rate of 6400 fps (frames per second). The high-speed
camera was connected to the camera car through an Ethernet cable and
controlled by a computer. Lighting equipment was used to illuminate the
specimens during impact loading. The testing procedure commenced by
starting recording in the computer controlling the high-speed camera,
then triggering the Schmidt hammer impact, and terminating the
recording using the trigger cable. The "end" trigger mode was used with
a record duration of 3.41 seconds, meaning the content from the last
3.41 seconds before the trigger is recorded. Subsequently, a brief
segment of the impact process was chosen and extracted from the
recorded duration for subsequent DIC analysis. Additional information
is available in the videos provided in the Supplementary data. Only the
initial impact was considered in DIC analysis, as the specimens already
exhibited damage prior to the second impact.

Supplementary material related to this article can be found online at
10.1016/j.conbuildmat.2025.140692.

Supplementary material related to this article can be found online at
10.1016/j.conbuildmat.2025.140692.

Supplementary material related to this article can be found online at
10.1016/j.conbuildmat.2025.140692.

2.4. Results and discussion

2.4.1. Impact resistance

Fig. 5, Fig. 6a compare the impact results for specimens PO, P25, and
P50 regarding the peak reaction force, rebound value, energy absorption
and specific energy absorption (SEA) during multiple impacts. Figs. 6b,
6¢ illustrate the accumulated energy absorption and specific accumu-
lated energy absorption (SEA) through multiple impacts for the three
specimens. Further crack propagation for these specimens are shown in
Fig. 6d, Figs. 7-10. Fig. 5 shows a decrease in the rebound value for all
specimens as the number of impacts increases, caused by the accumu-
lation of local damage in the impact zone and plastic dissipation
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Fig. 7. Crack propagation of PO during multiple impacts.

throughout the structure. Similarly, energy absorption of the specimens
due to the local damage and plastic dissipation rises with the growing
number of impacts, inversely proportional to the rebound value. Among
the specimens, P50 demonstrates the highest impact endurance,
enduring up to 11 impacts before reaching local failure in the impact
zone. Subsequently, P25 can withstand 7 impacts before the local fail-
ure, while PO can only endure 5 impacts before reaching complete
damage in the impact zone. From the initiation of impact until the
specimens fail in the impact zone, P50 showcases a slower progression of
the local damage, while P25 displays a faster rate of the local damage,
and PO demonstrates the quickest rate of the local damage. As depicted
in Fig. 5, following 2 impacts, PO exhibits a rapid rate of the local
damage. Similarly, P25 also demonstrates a swift rate of the local
damage after 2 impacts, albeit slower than P0. Conversely, P50 exhibits
a notably slower rate of the local damage compared to both PO and P25.
In Fig. 6a, the specific energy absorption (SEA) of the three specimens
was calculated to remove the influence of material volume on energy
absorption during multiple impacts. Despite this adjustment, the
observed trends remain consistent with those noted earlier. In Fig. 6b,
PO demonstrates the minimum accumulated energy absorption of 3.4 J
among the three specimens after the fifth impact upon failure. ACCCs
specimens P25 and P50 exhibit higher accumulated energy absorption
until failure than PO. Specifically, P25 shows an accumulated energy
absorption of 4.2 J after 7 impacts upon failure. Among the three
specimens, P50 achieves the maximum accumulated energy absorption

of 5J after 11 impacts upon failure. Fig. 6¢ reflects a similar trend in
accumulated SEA until failure. Although PO is the lightest, its accumu-
lated SEA until failure is still lower than that of the ACCCs specimens.
Since P25 is lighter than P50, its accumulated SEA until failure is closer
to that of P50.

It can be found from Fig. 5 that the peak reaction force decreases
with an increasing number of impacts for all specimens until they reach
failure in the local impact zone. The reason can be explained as follow:
the tensile behavior of the cementitious material matrix used in this
research has been tested in our previous study [35] and is shown in the
modelling section. Following the elastic phase in the tensile behavior, a
single crack emerges, and subsequent plastic deformation due to
fiber-bridging within the crack is limited to sustain minor stress. As the
impacts accumulate, the specimens absorb more impact energy through
plastic deformation and the local damage. Given that the impact energy
remains constant for each impact, the specimens’ elastic strain energy
diminishes, reducing their ability to sustain and transfer force to the
bottom plate. The peak reaction force is closely related to the contact
stiffness of specimens [43]. As the local damage occurs and contact
stiffness decreases, the peak reaction force diminishes. PO suffers severe
the local damage in their impact zone with consistent impact energy per
impact. This reduces the elastic strain energy available to rebound the
hammer, decreasing the impact force transmitted to the bottom plate. In
contrast, ACCCs specimens display a higher peak reaction force during
impact due to their auxetic behavior. This behavior facilitates the
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Fig. 8. Crack propagation of P25 during multiple impacts.

contraction of the structure upon impact through the rotation of sections
(see in Fig. 1, as defined in our previous study [41]) and inward folding
around fiber-bridging cracks within the ligaments. Consequently, ma-
terial concentration beneath the impact zone enhances the local stiffness
of the auxetic structure. The impact energy within the zone is mitigated
by distributing it to other parts of the specimen. Similar to the energy
absorption for the impact energy, P50 continues to exhibit greater
localized stiffness by demonstrating a higher peak reaction force
compared to P25.

The error bar observed in Fig. 5 can be attributed to several factors:
(1) Due to errors in additive manufacturing and cutting tolerances of the
cutting machine, there are variations among the four joints at the bot-
tom of the specimens. This results in incomplete and uneven contact
with the loading plate prior to impact. (2) It is difficult to maintain a
precise impact at the exact center of specimens along their thickness
direction; (3) the heterogeneity of the cement-based material.

2.4.2. Crack propagation during multiple impacts

Fig. 6d shows the changes in the number of cracks observed in the
specimens during multiple impact tests. Their progression of crack
propagation during multiple impacts are depicted in Figs. 7-9, with
cracks indicated by orange arrows. Here, "Front" denotes the front side
of the specimen, while "Back" indicates the back side. Crack propagation
was monitored on both sides of the specimens due to the heterogeneity

of cement-based materials, and the average number of cracks from both
sides was recorded as the number of cracks developed during each
impact in Fig. 6d. As the number of impacts increased, all specimens
exhibited a greater number of cracks, which widened over time. In later
stages, certain cracks within the specimens began to interconnect and
perforate, leading to localized damage. During multiple impacts, PO
primarily exhibits localized cracks, which are concentrated in the cen-
tral ligaments near the impact area. The axial impact load causes PO to
separate on both sides around the impact zone, resulting in a signifi-
cantly lower contact hardness. After the third impact, the rebound value
of PO significantly dropped to below 10, and the impact energy ab-
sorption through the local damage reached 89.3 %. This suggests that
localized material failure with crack penetration had occurred. Conse-
quently, PO has the fewest cracks. In contrast, P25 and P50 display a
greater number of cracks distributed along the ligaments connecting
adjacent holes, spreading over a larger area of their structure. These
ligaments with fiber-bridging cracks tend to function as joints, facili-
tating section rotation and inward folding, thereby inducing auxetic
behavior. This auxetic behavior allows the impacted area to remain
densely packed, reducing local damage while redistributing the impact
energy through plastic deformation in other parts of the structure. As a
result, ACCCs specimens maintain relatively good contact stiffness,
which explains their higher peak reaction force during multiple impacts,
as shown in Fig. 5. However, with each impact, local damage
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progressively increases due to greater plastic deformation in the liga-
ments, widening of existing cracks, and material loss in the impact zone.
Eventually, the contact stiffness decreases until localized failure occurs
due to crack penetration and linkage. After the fifth impact, the rebound
value of P25 significantly drops to below 10, with a plastic energy
dissipation approaching 90.5 %, indicating localized failure resulting
from crack penetration and linkage. In contrast, P50 exhibits enhanced
damage tolerance and stronger impact resistance by developing more
cracks throughout the whole structure, with localized failure occurring
only after the eleventh impact. This superiority is attributed to the
greater magnitude of the negative Poisson’s ratio in P50 compared to
P25 before self-contact within their central elliptical-shaped holes, as
determined in the uniaxial compression test in our previous study [41].
The negative Poisson’s ratio, being proportional to the volume of ma-
terial drawn under the impact zone, proves effective in mitigating
localized impact damage. As seen in Figs. 7-9, P50 disperses cracks more
extensively throughout the specimen compared to P25. This is attributed
to the greater auxetic behavior of P50, which facilitates the transfer of

impact energy to other parts of the specimen.
Fig. 10 shows the crack distribution of the specimens along their

t=0

t=156.25us
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thickness direction upon failure after multiple impacts. The hammer tip,
with an 8 mm diameter, was applied to specimens that are 20 mm thick.
In Fig. 10, an impact hole was observed in the middle of the top surface
of each specimen, with the central area exhibiting more severe damage
or perforation compared to the sides. Still, PO only shows cracks in the
center of its top impact surface. In contrast, ACCC specimens display
both central and side cracks on their top surface, demonstrating a su-
perior ability to distribute impact energy across different parts of the
specimen.

2.4.3. Strain analysis during impact duration

To analyze the major strain distribution during the initial impact, the
condition of the specimens captured by the most recent frame before the
impact was regarded as the initial state (i.e., O ps in Figs. 11-13). The
time internal was set as the time per frame recorded by high-speed
camera (i.e., 156.25 ps). Figs. 11-13 illustrate the changes in major
strain distribution across all specimens during the duration of contact
time under the initial impact loading. To enhance the visualization of
the major strain distribution in Figs. 11-13, a strain range of 0.006-0.03
was selected to clearly depict the microcrack distribution and damage
modes. Strains above 0.03 are highlighted in red, while those below 0.03
are shown in dark blue. The sudden application of force upon impact
slightly impairs the effectiveness of Digital Image Correlation (DIC) at
the moment of 156.25 ps. As the contact time increases, the occurrence
of major strain in the ligament gradually increases and further in-
tensifies. The variations in major strain distribution among the three
specimens remain relatively minor after 625.00 ps for the initial impact.
It can be found that the significant major strain in ACCC specimens,
namely P25 and P50, primarily disperses along the ligaments connecting
adjacent holes across a significant portion of the structure. This indicates
that ACCC specimens display a ductile damage mode, where cracks
develop and spread to various locations throughout the contact duration
during impact loading. In our prior research [33], the auxetic effect
exhibited by ACCCs specimens arises from the lateral inward movement
of unit cells, triggered by their rotation and inward folding under uni-
axial compression. Likewise, the ligaments with the significant major
strain tend to act as joints, promoting section rotation and inward
folding under impact loading, thereby inducing auxetic behavior. This
leads to the engagement of surrounding material into the impact zone,
facilitating the efficient transfer of the impact energy throughout the
structure. Specially, the significant major strain of P50 extends across
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Fig. 11. Major strain of PO during initial impact.
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Fig. 12. Major strain of P25 during initial impact.
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Fig. 13. Major strain of P50 during initial impact.

more ligaments compared to P25, and it is also more evenly distributed.
This also explains the stronger impact resistance for P50 during multiple
impacts in Fig. 5. Conversely, the significant major strain of PO is
concentrated in the middle ligaments near the impact zone. This in-
dicates that PO exhibits a brittle damage mode, characterized by the
immediate formation of cracks near the impact zone, with no subsequent
crack development to facilitate energy dissipation. Due to the structural
configuration of PO, which does not promote auxetic behavior triggered
by section rotation around ligament cracking. Consequently, the impact
energy cannot effectively transfer to other regions of the structure,
resulting in localized damage. Due to the brittleness and heterogeneity
of cementitious materials, considerable strain from impact-induced
stress concentration was observed around the holes in all specimens.
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The variations in compressive and lateral strain during the initial
impact were analyzed using Digital Image Correlation (DIC) and illus-
trated in Fig. 14. In uniaxial compression tests, specimens are typically
placed between two plates and undergo uniform compressive defor-
mation, allowing for easy calculation of Poisson’s ratio using Eq. (2).
However, in the impact scenario studied here, localized impact is
applied to the specimen, resulting in uneven compressive deformation.
Hence, compressive and lateral strains of each specimen were indirectly
used to evaluate its Poisson’s ratio during the impact. In Fig. 14a, the
vertical distance between the two red points marked on each specimen
was utilized to quantify its compressive strain or y-direction strain
during the impact. Similarly, the horizontal displacement between the
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two red points marked on each specimen in Fig. 14b was utilized to
quantify its lateral strain or strain in the x-direction during the impact. It
is observed that all specimens exhibit an increase in compressive strain,
stabilizing at the end of the contact time. ACCC specimens demonstrate
higher compressive strain than specimen PO due to their greater
compressive deformation. Specifically, P25 exhibits higher compressive
strain, with a maximum magnitude of 1.64 %, compared to P50, which
has a maximum magnitude of 0.26 %. This arises from the larger
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compressible space and lesser cementitious matrix material in P25. In
Fig. 14b, PO consistently shows positive lateral strain, indicating
expansion of the structure during the impact. As the impact on PO is
localized, the overall structure undergoes minimal deformation during
the impact, resulting in the smallest magnitude of lateral strain.
Conversely, ACCC specimens exhibit negative lateral strain, indicating
contraction of the specimen during the impact. P25 initially presents
negative strain (contraction behavior) with a maximum magnitude of
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Table 4
CDP model parameters for ACCCs.
Paxkg/ Eo(MPa) v 0b0/0c0 K. W Eec Viscosity
m?) Parameter
1870 3997 0.2 1.16 0.667 35 0.1 0.001
Table 5

Tensile behavior parameters.

Yield stress (MPa) Displacement (mm)

2.358 0
1.283 0.0519
1.671 0.180
1.477 0.265
1.235 0.505
0.959 0.669
0.641 0.962
0.334 1.551
0.193 1.995

0.05 %, which transitions to positive strain (expansion behavior) after
about 156.25 ps. In contrast, P50 consistently shows negative lateral
strain with contraction behavior, exhibiting a maximum magnitude of
0.54 %. According to Eq. (2), compared to P25, P50 demonstrates
greater lateral strain and lower compressive strain, indirectly indicating
a higher magnitude of negative Poisson’s ratio and thus a greater auxetic
behavior. Besides the factors discussed for the error bar in Fig. 5, the
specimen’s separation from the hammer at the final contact stage leads
to a significant mechanical state change, contributing to a larger error
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Table 6
Compressive behavior parameters.

Yield stress (MPa) Inelastic strain

8.376 0

12.273 0.0158
12.027 0.0367
10.984 0.0765
10.586 0.0889
10.060 0.1264
9.948 0.1557
10.720 0.2030
11.333 0.2312

bar in Fig. 14.
3. Numerical modeling
3.1. Simulation of ACCCs under impact loading

Given that impact loads can result in high strain rates within struc-
tures, it’s imperative to account for the strain-rate dependent charac-
teristics of cementitious materials. To simulate the progression of
damage in cementitious specimens subjected to impact loading, the
Concrete Damage Plasticity (CDP) model incorporating strain rate ef-
fects was employed [40,44-46]. Appendix B provides a concise over-
view of the CDP model. The material constitution in the CDP model only
requires tensile behavior data from uniaxial tension tests and compres-
sive behavior data from uniaxial compression tests. Yet the HJC
(Holmquist-Johnson-Cook) model, Karagozian & Case (K&C) concrete
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Fig. 18. Maximum principal plastic strain of PO during initial impact in the model.

(KCC) model, ZWT model face notable limitations due to the determi-
nation of many parameters, which are obtained through complex
experimental conditions. Appendix C provides a preliminary analysis of
the three models applied to ACCCs. Typical stress-strain curves of
concrete material under static and impact loading are depicted in
Fig. 15, showcasing both compression (a) and tension (b) behaviors. In
Fig. 15, fis, fes are the static tensile strength and compressive strength,
respectively; fu, f.q are the dynamic tensile strength and compressive
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strength, respectively; €, €94 are the static maximum tensile strain and
dynamic maximum tensile strain, respectively; &, is the maximum
compressive strain, respectively; &, €0 are the peak tensile strain and
peak compressive strain, respectively. The stress-strain behavior of
concrete under impact loading demonstrates enhancement compared to
that under static loading [47]. The strain rate effect on concrete-like
material property can be characterized by comparing the dynamic and
static values of material properties, typically quantified using the
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Fig. 19. Maximum principal plastic strain of P25 during initial impact in the model.
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Fig. 20. Maximum principal plastic strain of P50 during initial impact in the model.

Dynamic Increase Factor (DIF). The DIF is calculated as the ratio of the
dynamic property to the corresponding static property.

Xdynamic

DIF = 3

static

The cementitious specimens have the same section along its thick-
ness direction, which can be simplified to a 2D plane model. The impact
hammer of Schmidt OS-120PM was considered as the impactor in the
numerical modelling. The geometry of the impact hammer was also
simplified to a 2D version based on its dimensions in Fig. 3b. The
Schmidt OS-120PM impact hammer weighs 665 g and has a hammer
head diameter of 8 mm. The initial kinetic impact energy of the Schmidt
hammer OS-120PM is 0.833 J. To reduce computational time, the model
of the hammer presented in the paper has been simplified to only include
the hammer head. Treating the impact hammer head as a rigid body
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with uniform velocity, its initial velocity can be calculated as
1582.8 mm/s by accounting for its kinetic energy and mass. The impact
mass is applied by specifying an equivalent density of the drop hammer
head, calculated as the ratio of the total mass to the volume in the model.
The initial velocity was applied to the impact hammer head by using a
predefined field. To enhance computational efficiency, the drop hammer
is positioned directly above the specimen’s center, aligning the lower
surface of the impact tip with the upper surface of the specimen. In the
model, the impact tip has an 8 mm diameter for specimens P25 and P50.
For specimen PO, the diameter of the impact tip was slightly reduced to
7.09 mm to accommodate the cylinder hammer tip’s impact into the
8 mm width hole. This adjustment was made while maintaining the
same hammer mass by modifying the density. The 7.09 mm taken in this
model represented the equivalent side length of a square with the same
area as the impact tip’s circular surface area. This model was established
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Fig. 21. Internal, plastic dissipated, and elastic strain energy of three specimens under different impact energies.

to investigate the energy absorption process during short-duration
impact loading. Only the initial impact was considered in the model,
as the specimens already exhibited damage prior to the second impact.

As shown in Fig. 16, an explicit dynamic Finite Element Method
(FEM) model has been developed to simulate ACCCs specimens sub-
jected to impact loading. In the explicit dynamic model, the energy time
histories can be formulated as:

Erott = Ex + Ej — Ey ()]

E; =E, +E, +E, 5)

where Er,q represents the energy balance for the whole model. Ex
represents the kinetic energy. Ey represents the work done by the
external loads. Ej represents the internal energy, comprising the sum of
the recoverable elastic strain energy (E,), energy dissipation due to in-
elastic deformation like plasticity (E,), and artificial strain energy (E,).
The artificial strain energy E,, used to control hourglass deformation,
accounts for less than 1.0 % of the internal energy in the model in this
research.

The CDP model considering strain rates effects was established in the
explicit dynamics module of ABAQUS to simulate the impact behavior of
ACCCs specimens under impact loading. The ACCCs specimen was
meshed using CPS3 elements, which are 3-node linear plane stress
triangular elements without hourglass effects. Table 4 gives the CDP
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model parameters for ACCCs specimens. In this table, p, v, E represent
the density, Poisson’s ratio, and initial elastic modulus of the cementi-
tious matrix, respectively. Table 5 and Table 6 detail the material pa-
rameters of the CDP model, delineating the tensile and compressive
behavior parameters for the cementitious matrix in static tests con-
ducted in our previous study [35], respectively. The bottom plate in the
model was modelled as a steel plate, consistent with the experimental
setup, with an elastic modulus of 206 GPa, a Poisson’s ratio of 0.3, and a
density of 7800 kg/m®. As depicted in Fig. 16, a surface-to-surface
contact method was employed to establish the interaction between the
impact hammer and cementitious specimens. In this model, friction was
ignored between specimens and the hammer tip. To reduce the occur-
rence of overclosure or excessive mutual embedding in the normal di-
rection, a hard contact approach was implemented between specimens
and the hammer tip. The same surface-to-surface contact method was
applied between specimens and the bottom plate. The bottom surface of
the bottom plate was coupled with a reference point with fixed
constraints.

In this study, the DIF of the tensile constitution is more significant
than that of compression, as the auxetic behavior of ACCCs arises from
tensile cracking in the ligaments. The data from existing literature about
strain rate effects for concrete in tension indicates that the dynamic
increase factor (DIF) follows a bilinear trend concerning the strain rate
when plotted on a log-log scale. Specifically, there are no increments
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Fig. 22. Maximum principal plastic strain of three specimens under different impact energies.

observed for strain rates below 10~° s71, and a change in slope occurs at
a strain rate of 1.0 s~ [48]. The following presents the DIF of cemen-
titious materials in tension at high strain rates based on existing litera-
ture. At the experimental strain rate of 157 s71, concrete in tension
exhibited a dynamic increase factor (DIF) of approximately 7.0 [48].
The SHCC experiments demonstrated a significant strain rate effect on
tensile strength, resulting in a DIF of 6.7 when the measured strain rates
ranged from 140 s 1t0180s7? [49]. The increase in tensile strength of
SHCC resembles the strain rate effect noted in equivalent tests on con-
ventional and high-performance concretes. The DIF of tensile strength
reached 6.0 for conventional concrete, while ranging from 3.8 for
high-performance concrete (HPC) to 5.3 for ultra-high-performance
concrete (UHPC) with fibers when the strain rate is about 100 51
[50]. The DIF for the tensile strength of plain geopolymers (GP) matrix
equals 6.5 measured by a gravity-driven split-Hopkinson tension bar
(SHTB) at strain rates of up to 300 s~! [51]. Additional data from
existing literature and the fib standard is provided in Appendix D. With a
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side length of 20 mm, the unit cell of ACCCs specimens in this study has
a ligament of 2.0 mm, upon which the hammer tip impacts at a velocity
of 1582.8 mm/s. Given this high strain rate, the model in this study
adopted a DIF of 8.5, determined through comparing simulation results
with experimental data. The strain rate sensitivity of the elastic modulus
showed a much smaller effect [52,53]. In the case of SHCC, its elastic
modulus exhibited a corresponding DIF of only 1.2 [49], whereas other
concretes displayed lower DIF values or no increase in elastic modulus
[50]. Therefore, the effect of strain rate on the elastic modulus was not
considered in this model.

3.2. Modelling results and discussion

As shown in Fig. 17a, the simulated results have a good agreement
with the experimental data regarding the energy absorption of the three
specimens for the initial impact, thereby validating our model. In the
experiments, the energy absorption of specimens PO, P25, and P50
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Fig. 23. Energy absorption (a), SEA (b), internal energy (c), plastic dissipation energy (d) and elastic strain energy (e) of P50 for different relative densities.

Table 7

Hammer velocities for different impact energies.
Label 1E-1 (1.0x) IE-2 (2.0x) 1E-3 (3.0x) 1E-4 (4.0x)
Impact energy (J) 0.833 1.666 2.499 3.332
Velocity (mm/s) 1582.8 2238.4 2741.5 3165.6

during the initial impact is 0.541,0.407,0.337, respectively. In the
model, the energy absorption of specimens PO, P25, and P50 during the
initial impact is 0.550, 0.495, 0.356, respectively.

Fig. 17b shows the internal energy variation of the three specimens
during the initial impact in the model. In Eq. (5), when the artificial
strain energy is negligible, the internal energy of a specimen in the
model can primarily be considered as the sum of the plastic dissipated
energy (Fig. 17¢) and the elastic strain energy (Fig. 17d). Upon contact
with the impact hammer, the three specimens experience a rapid in-
crease in elastic strain energy, while the plastic dissipated energy

appears slightly later but also begins to rise. As a result, the hammer’s
kinetic energy decreases as it transfers energy to the internal energy of
the specimens, as illustrated in Fig. 17e. Compared to PO, P25 and P50
show a quicker increase in elastic strain energy and a more delayed
onset of plastic dissipated energy following impact. The internal energy
of the specimens peaks when the hammer’s kinetic energy is fully
transferred and reduced to zero, causing both elastic strain energy and
plastic dissipated energy to reach their maximum values. The elastic
strain energy is then transferred back to the hammer, which is achieve
by a reactive contact force and the resulting acceleration applied on the
hammer. As a result, the specimens’ internal energy decreases. This
process ultimately causes the hammer to gradually disengage and
rebound with a reversed velocity. Finally, the internal energy of the
specimens stabilizes as the hammer disengages and its kinetic energy
becomes constant, with plastic dissipated energy and a smaller amount
of elastic strain energy remaining. It should be noted that P25 and P50
stabilize at a lower level of plastic dissipated energy absorption
compared to PO. Specifically, P50 shows a slower rate of dissipated

P50-RD-1

P50-RD-2

P50-RD-3

Fig. 24. Maximum principal plastic strain of P50 for different relative densities.
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Table 8
Energy absorption of specimens under different impact energies.
Label 1E-1 (1.0x) 1E-2 (2.0x) 1E-3 (3.0x) 1E-4 (4.0x)
Impact energy (J) 0.833 1.666 2.499 3.332
Energy Absorption 0.550 1.600 2.203 2.755
(PO) (66.0 %) (96.0 %) (88.2 %) (82.7 %)
Energy Absorption  0.494 0.972 1.828 2.387
(P25) (59.3 %) (58.3 %) (73.1 %) (71.6 %)
Energy Absorption 0.355 1.217 2.073 2.968
(P50) (42.6 %) (73.0 %) (83.0 %) (89.1 %)

energy absorption and reaches a lower stabilization point than P25. As
shown in Fig. 17f, the total energy from the impact remains constant in
the model during the initial impact. Figs. 18-20 display the maximum
principal plastic strain of the three specimens after the initial impact in
the model, which serves as an indicator to evaluate the crack-induced
damage in cementitious materials. This helps elucidate the difference
observed in the energy absorption process among the three specimens
depicted in Fig. 17. The time shown in Figs. 18-20 represents the
duration from the moment the hammer impacts the specimen to the
point where the internal energy stabilizes after the hammer disengages
and rebounds. To improve the visualization of the plastic strain distri-
bution in Figs. 18-20, a threshold of 0.03 strain was applied, with strains
exceeding this value being indicated in red.

As depicted in Fig. 18, PO experiences a significant initial plastic
strain exceeding 0.03 within 200ps upon impact from the hammer,
localized solely in the impact zone. Conversely, ACCCs specimens show
minor plastic strain at the same time interval, maintaining the majority
of their structure’s elasticity. It’s noteworthy that P50 exhibits only
minimal plastic strain in the lower part of its structure near the bottom
plate, indicating its great ability to transfer impact energy to other
structural parts through auxetic behavior. Conversely, P25 disperses its
plastic strain within the vicinity of the impacted region of the structure.
As the hammer tip gradually penetrates from 200ps to 1000ps, PO un-
dergoes increased localized damage within the impact zone, propa-
gating the impact force downward along the direction of impact and
resulting in the formation of a second major plastic damage at the lower
ligament. Hence, significant localized damage occurs in the impact zone,
resulting in a maximum plastic strain of 0.736. In contrast, within the
same duration of impact hammer penetration, ACCCs specimens
continue to disperse the impact energy to other parts of the specimen
through auxetic behavior, thus reducing local damage. P25 remains
limited to dispersing the impact energy to the upper half of the structure

Table 9
Different relative densities for P50.
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where the impact zone is located, reducing the maximum structural
plastic strain to 0.678. However, the enhanced auxetic behavior of P50
resulting from its greater aspect ratio facilitates the rotation of a sub-
stantial portion of its ligaments throughout its entire structure. This
disperses the impact energy and minimizes the maximum plastic strain
to a minimum value of 0.141. This is attributed to the increase of the
major axis in the P50 specimen (i.e., greater aspect ratio), which in-
creases the horizontal distance between the vertical forces transmitted
through the ligaments. Consequently, this generates a larger bending
moment, causing more ligaments to undergo plastic damage and
resulting in the rotation of the section. For the initial impact, the major
plastic strain distributions of the three specimens in Figs. 18-20 closely
resemble those observed in the DIC results. Similarly to the DIC results,
the variations in plastic strain distribution among the three specimens in
the model remain relatively minor after 500ps or 600ps for the initial
impact.(Figs. 21-23)

3.3. Parametric analysis

3.3.1. Effect of impact energy

For the Schmidt hammer OS-120PM used in experiments, each single
impact delivers 0.833 J of kinetic energy to the surface of the tested
specimen via the impact tip. This section studies the effects of different
impact energies on the impact resistance of ACCCs specimens. The
corresponding velocity of the hammer in the model for each impact
energy was given in Table 7. Fig. 21 shows internal, plastic dissipated,
and elastic strain energy of three specimens under different impact en-
ergies. Fig. 22 displays the distribution of the maximum principal plastic
strain for the three specimens after the internal energy has stabilized
under different impact energies. As with previous figures, the color bars
in Fig. 22 represent the maximum principal plastic strain. To improve
the visualization of the plastic strain distribution in Fig. 22 (and simi-
larly in Figs. 24, 26, 28), a threshold of 0.03 strain was applied, with
strains exceeding this value being indicated in red. Table 8 presents the
absorption energy of the specimens at different impact energies, with
the percentages representing the ratio of absorbed energy to the total
impact energy for each case.

As the impact energy increases, the internal energy of the three
specimens rises significantly in Fig. 21. Specifically, their plastic dissi-
pated energy increases markedly, whereas their elastic strain energy
shows only a slight rise. As shown in Fig. 22, under IE-2 impact energy,
the PO specimen exhibits significant localized plastic damage with a
maximum plastic strain of 1.815 in the impact zone, indicating large

Label Major axis Minor axis Aspect ratio Ellipse area Specimen Specimen thickness Specimen volume Relative density
(mm) (mm) (mm?) side length (mm) (mm) (em®)
P50-RD—1 12.00 4.00 3 37.70 40 20 19.94 62.30 %
(1.0x)
P50-RD—-2 12.95 4.32 3 43.93 40 20 17.94 56.07 %
(0.9x)
P50-RD—3 10.96 3.65 3 31.47 40 20 21.93 68.53 %
(1.1x)
Table 10

Different specimen sizes for P50.

Label Major axis (mm) Minor axis (mm) Aspect ratio One Ellipse area Specimen Specimen thickness Specimen volume Relative density
(mm?) side length (mm) (mm) (cm3)
P50-Size—1 12 4 3 37.7 40 20 19.9 62.30 %
(1.0x)
P50-Size—2 18 6 3 84.8 60 20 44.9 62.30 %
(1.5x)
P50-Size—3 24 8 3 150.8 80 20 79.7 62.30 %
(2.0x)
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Fig. 25. Energy absorption (a), internal energy (b), plastic dissipation energy (c), and elastic strain energy (d) of P50 for different specimen sizes.
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Fig. 26. Maximum principal plastic strain of P50 for different specimen sizes.

cracks and material failure. This propagates the impact force downward
along the direction of impact, leading to substantial damage in the lower
ligaments and structural splitting along the middle of the specimen. In
Fig. 21, the plastic dissipated energy of PO increases significantly under
IE-2 due to intensified localized damage and the formation of midsection
cracks. At IE-3 and IE-4 impact energies, localized damage and struc-
tural splitting become more severe (Fig. 22), with localized plastic strain

21

increasing to 2.462 and 2.690 in the impact zone, respectively. This
restricts the contribution of other structural parts to load-bearing and
resulting in a limited increase in plastic dissipated energy in Fig. 21.
Conversely, ACCCs specimens mitigate the localized damage and
structural splitting through auxetic behavior. Under IE-2 impact energy,
the upper half of the P25 structure contracts and redistributes impact
energy to other parts, thereby limiting further increase in localized
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Table 11
Different RVEs for P50.
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Label Major axis (mm) Minor axis (mm) Aspect ratio One Ellipse area Specimen Specimen thickness Specimen volume Relative density
(mm?) side length (mm) (mm) (em®)
2x2 12 4 3 37.7 40 20 19.9 62.30 %
4 x4 12 4 3 37.7 80 20 79.6 62.30 %
8x8 12 4 3 37.7 160 20 318.4 62.30 %
16 x 16 12 4 3 37.7 320 20 1273.6 62.30 %
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Fig. 27. Energy absorption (a), SEA (b), internal energy (c), plastic dissipation energy (d), and elastic strain energy (e) of P50 for different RVE sizes.

damage in the impact zone compared to IE-1 impact energy, as show in
Fig. 22. However, P25’s ability to disperse impact energy through
auxetic behavior is mainly confined to the upper half of the structure. At
higher impact energies of IE-3 and IE-4, localized damage intensifies,
with maximum plastic strains rising to 1.458 and 1.448, respectively.
This results in the expansion of the upper half of the structure and a
tendency for splitting along the specimen’s midsection, causing a sig-
nificant increase in the plastic dissipated energy of P25 between IE-2 and
IE-3 impact energies, as shown in Fig. 21. The potential structural
splitting also restricts the further force transfer in P25, which shows a
limited increase of plastic dissipated energy from IE-3 to [E-4. Under IE-
2 impact energy, P50’s enhanced auxetic behavior facilitates plastic
deformation through ligament rotation across the entire structure,
pulling more material into the impact zone and dispersing energy, as
shown in Fig. 22. This results in a significant increase in plastic dissi-
pated energy from IE-1 to IE-2 (Fig. 21), while keeping the maximum
plastic strain slightly elevated at 0.295, thereby significantly reducing
localized damage. Even at higher impact energies (IE-3 and IE-4), the
continued ligament rotation aids in uniform plastic deformation and
energy dissipation throughout the structure, leading to a steady increase
in plastic dissipated energy. This helps keep the maximum plastic strain
below 1.0, limiting localized damage and preserving structural integrity.

3.3.2. Effect of relative density
This section examines the impact of relative density on the impact
resistance of ACCCs specimens, as detailed in Table 9. Relative density is

22

a dimensionless measure that quantifies the ratio of the material’s vol-
ume to the volume of the smallest enclosing cuboid, and it also indirectly
reflects the influence of the elliptical hole area when the specimen
thickness remains constant. The focus is on P50 specimen (P50-RD-1)
studied above with a specific aspect ratio and specimen size, exploring
changes when their relative density is scaled by 0.9x (P50-RD-2) and
1.1x (P50-RD-3). To maintain auxetic behavior for the P50 shape, the
relative density scaling factor is kept relatively small. Fig. 23 illustrates
the energy absorption, internal energy, plastic dissipation, and elastic
strain energy of P50 for different relative densities. Fig. 24 shows the
distribution of maximum principal plastic strain for P50 at various
relative densities after internal energy has stabilized, with color bars
representing the strain levels.

As shown in Fig. 23, energy absorption, SEA and stabilized internal
energy decrease as P50 relative density increases. Concurrently, plastic
dissipated energy decreases while elastic strain energy increases with
higher relative density. Specifically, P50-RD-2 with the lowest relative
density shows a notable rise in plastic dissipated energy and a decrease
in elastic strain energy, attributed to reduced joint size leading to greater
plastic deformation during section rotation. Despite this, Fig. 24 shows
that the plastic strain does not increase significantly, and localized
damage in the impact zone remains limited, maintaining overall struc-
tural integrity. In contrast, when the relative density is increased to 1.1
times (P50-RD-3), plastic strain drops to a minimal value of 0.105, with
most of the specimen retaining its elastic properties.
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Fig. 29. Potential engineering applications of ACCCs for impact mitigation, (a) sacrificial protective materials in bridge piers, (b) EMAS with high energy absorption.

3.3.3. Effect of specimen size

This section examines the impact resistance of ACCCs specimens
across different sizes, as listed in Table 10. The section focuses on the
P50 specimen (P50-Size-1) studied above with a specific aspect ratio and
relative density, examining changes when the specimen size is scaled by
1.5x (P50-Size-2) and 2x (P50-Size-3). Fig. 25 shows the energy ab-
sorption, internal energy, plastic dissipation, and elastic strain energy of
P50 for various specimen sizes. Fig. 26 displays the distribution of
maximum principal plastic strain for P50 with various specimen sizes
after internal energy stabilization, with color bars indicating the strain
levels. As seen in Fig. 25, both energy absorption and stabilized internal

23

energy decrease with increasing P50 specimen size. Correspondingly,
plastic dissipated energy decreases, while elastic strain energy increases
as the specimen size increases. Fig. 26 shows a marked reduction in
plastic strain with larger specimen sizes. Specifically, when the spec-
imen size is increased to 2.0 times (P50-size-3), the plastic strain falls to
a minimal value of 0.014, and the majority of the specimen maintains its
elastic properties.

3.3.4. Effect of representative volume element (RVE) size
This section explores the impact resistance of ACCCs specimens
across different RVE sizes, while keeping the unit cell dimensions
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constant, as listed in Table 11. The analysis focuses on the P50 specimen
(2x2) studied previously with a specific aspect ratio and relative den-
sity, and investigates how the impact resistance changes when the RVE
size is changed to 4 x 4, 8x8, and 16x16. Fig. 27 presents data on en-
ergy absorption, internal energy, plastic dissipation, and elastic strain
energy for P50 across these RVE sizes. Fig. 28 illustrates their distribu-
tion of maximum principal plastic strain after internal energy stabili-
zation, with color bars indicating strain levels. As shown in Fig. 27, both
energy absorption and SEA decrease as the RVE size increases. The
stabilized internal energy and plastic dissipation decrease, while elastic
strain energy increases when the RVE size grows from 2x2 to 8x8.
When the RVE size further increases to 16x16, the plastic dissipation
remains almost unchanged, but internal and elastic strain energy extend
and fluctuate after the tip detaches from the specimen. Fig. 28 reveals a
significant reduction in plastic strain with larger RVE size. Specifically,
when the RVE size is increased to 16x16, the plastic strain drops to a
minimal value of 0.01, with most of the specimen maintaining its elastic
properties.

4. Conclusions

In this study, ACCCs with different aspect ratios, designated as P25
and P50, were manufactured to analyze their impact response, while
specimen PO with circular holes was included for comparison. Addi-
tionally, a numerical model was established to simulate the impact
behavior of the specimens, followed by parametric analysis to gain
further insights. The main conclusions are as follows:

(1) ACCC specimens exhibit significant major strain dispersion along
the ligaments throughout a substantial portion of the structure
due to auxetic behavior. This results in the involvement of sur-
rounding material into the impact zone, enhancing the efficient
transfer of impact energy across the structure to strengthen
contact stiffness and mitigate localized damage in the impact
zone, thereby maintaining overall structural integrity.
Conversely, major strain in PO specimens is only concentrated in
the middle ligaments near the impact zone.

(2) Compared to the reference (P0), ACCCs specimens experience

less localized damage in the impact zone during the initial impact

due to their auxetic behavior. This leads to higher peak reaction
forces and greater elastic strain energy per impact. Over succes-
sive impacts, ACCCs specimens accumulate local damage more
slowly, allowing them to maintain higher peak reaction forces
and endure more impacts until failure. Consequently, they ach-
ieve greater total energy absorption until failure. Specifically,

P50 exhibits higher impact resistance than P25 due to the

enhanced auxetic behavior resulting from its greater aspect ratio.

This creates a greater bending moment to enable more ligaments

to dissipate energy through rotation-induced plastic deformation,

thereby reducing localized damage.

Parametric analysis reveals that as impact energy increases,

localized damage in the impact zone and structural splitting

become more severe for PO specimens. In contrast, ACCC speci-
mens achieve higher energy absorption through plastic dissipa-
tion in ligaments triggered by auxetic behavior, which helps to
mitigate the localized damage and maintain structural integrity.

For the P50 pattern, localized damage decreases with increasing

relative density and also reduces as the specimen size and RVE

size increase. Even at lower relative densities, the energy ab-
sorption from plastic dissipation of ligaments remains high, yet

3)
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the localized damage does not increase significantly and overall
structural integrity is maintained.

This study shows that ACCCs specimens with a higher water-cement
ratio exhibit increased fluidity for smooth casting and improved
ductility in fiber-reinforced concrete. This allows cracks to act as hinge
points to achieve auxetic behavior under compression. However, the
weaker material strength of P25 leads to some localized damage under
impact, reducing its auxetic behavior. Conversely, P50, despite its lower
material strength, can enhance local impact resistance due to its greater
auxetic behavior. Future adjustments in mixture proportions or the use
of SHCC could further enhance material strength and reduce damage,
particularly improving impact resistance in P25. Moreover, future
research will explore the out-of-plane impact behavior of 3D auxetic
cementitious materials to broaden their engineering applications.
However, fabricating 3D auxetic cementitious materials using a fiber-
reinforced matrix poses significant challenges, which will also be
addressed in subsequent studies. Based on this study, ACCCs specimens
demonstrate significant impact resistance, enhanced energy absorption
and localized stiffness upon impact, and high endurance under multiple
impacts. Considering the widespread availability of cementitious ma-
terials, lightweight and high energy-absorbing ACCCs can be used as
sacrificial protective materials in infrastructure (such as building walls,
columns, and bridge piers (Fig. 29a)) to dissipate impact energy and
mitigate localized damage. Additionally, the proposed ACCCs can be
used to develop next-generation shock-absorbing engineered materials
arresting system (EMAS) [54,55]. These high-energy absorbing strips
are placed at runway ends to reduce the impact of aircraft overruns
(Fig. 29b).
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Appendix A

Quasi-static tests results of specimens PO, P25, P50
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Fig. Al. Stress-strain curves of specimens PO, P25, P50 under uniaxial compression tests until 40 % strain [41]

Appendix B

A concise overview of Concrete Damage Plasticity (CDP) model

A0;

K~=1 (Drucker-prager
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Fig. B1. Yield surface and flow rule of CDP model, (a) yield surface in the deviatoric plane, (b) dilation angle and eccentricity in meridian plane

In this study, the Concrete Damage Plasticity (CDP) model [34,56-61] was utilized to simulate the nonlinear behavior of cementitious materials,
accounting for both plasticity and damage effects.

o=(1—dD: (e—e) (B1)
e = gel +€Pl (B2)
— o

°T1-4d (B3)

where ¢ is the stress; @ is the effective stress; ¢, %, ¢! are the total strain, elastic strain, and plastic strain, respectively. Df)l represents the initial,
undamaged stiffness of cementitious material. d represents the damage factor used to quantify stiffness degradation, ranging from O to 1. It is required
that d increases monotonically with plastic strain. However, since fiber-reinforced cementitious material was utilized, stress does not decrease
monotonically with the increase of plastic strain when the material is subjected to tension. Therefore, d could not be considered. In this study, plastic
strain serves as a measurable indicator for assessing crack-induced damage in cementitious materials.

The following yield criterion in the CDP model is used to characterize the initiation of plastic strain.

F= ot (@300 H(E) () — 1~ )~ 5e() B4)

Where
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p= 7%trace(6) (B5)
1=1/36:9 ¢
S=o+pl (B7)

_%(1701)7(1 +a) (B9)
r= % (B10)

where p and g, as the two stress invariants of the effective stress, represent the hydrostatic pressure stress and the von Mises equivalent effective stress.
S is the effective stress deviator. I is the unit tensor. The subscripts t and ¢ denote the values for tension and compression, respectively. Tmax is the
maximum principal effective stress. op9/0co refers to the ratio of equi-biaxial and uniaxial compressive yield stress, which is usually assumed as 1.16 in
ABAQUS. K, describes the ratio of the second stress invariant on the tensile meridian (T.M) to that on the compressive meridian (C.M) for a given
invariant p, which has a default value of 0.667 in ABAQUS. K, defines the shape of the yield surface on the deviatoric plane, as shown in Fig. Bla.

The CDP model assumes non-associated potential plastic flow. The flow potential G(s) , derived from the Drucker-Prager hyperbolic function, is
defined as

G(0) = 1/ (€xcOn0 tan y)* + G —p tan (B11)

where y is the dilation angle measured in the p —q plane at high confining pressure. ¢, is the eccentricity that determines the rate at which the function
approaches the asymptote (see Fig. B1b) and typically has a value of 0.1 in ABAQUS. oy is the uniaxial tensile stress at failure.

Appendix C
HJC (Holmquist-Johnson-Cook) model

The HJC (Holmquist-Johnson-Cook) model is a constitutive model developed to characterize the dynamic response of brittle materials like con-
crete, rocks, and ceramics under conditions of high strain rates, high pressures, and significant deformations [62,63]. In literature [64], the HJC model
was used to simulate the dynamic behavior of brittle aggergate in concrete under impact loading. However, fiber-reinforced cementitious materials
exhibit significantly greater ductility, and thus, further investigation is needed to determine if the HIC model can be directly applied to these ma-
terials. The HIC model mainly includes three parts: the equation of yield surface, equation of damage evolution, and equation of state. Yet the use of
the HJC model is significantly limited due to the requirement of determining its 27 parameters, which are obtained under complex experimental
conditions. Specifically, the parameters of B, N in the equation of yield surface (Eq. C1) need to be determined from the triaxial test of the material. The
strain rate constant C in the equation of yield surface (Eq. C1) can be determined by the SHPB test of specimens. The three parameters of are D1, D2 and
EFMIN in the equation of damage evolution (Eq. C2) need to be determined from the uniaxial loading test of specimens. Pjyc, K1, K2 and K3 in the
equation of state (Eq. C3) need to be determined by the Hugoniot test. Moreover, the HJC model neglects the tensile damage criteria and cannot
capture the tensile failure of materials. Additionally, the third deviatoric stress invariant J3 is also omitted in the HJC model.

The equation of yield surface is given as

6" =[A1-D)+BPM](1+Clné") < Sma (cH

where ¢* = 6/f'. and P* = P/f’, are the normalized equivalent stress and hydrostatic pressure, respectively. f’. is the compressive strength. ¢ is the

actual equivalent stress. P refers to the actual pressure. A refers to the normalized cohesive strength. ¢* = ¢/&, represents the dimensionless strain rate,

where ¢ and £y = 1.0s™! are the actual and reference strain rates, respectively. D is the damage factor, ranging from 0 to 1. C refers to the strain rate

constant. B is the normalized pressure hardening coefficient. N represents the pressure hardening exponent. S,y is the normalized maximum strength.
The equation of damage is expressed as

Aep + Apyp Aep + App
D= = > EFMIN (C2)
Z 8{;-‘1—”{) ZDl(P*+T*)D2
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where Aep and Ay represent the equivalent plastic strain and the plastic volumetric strain, respectively, during an integration cycle. e{, +;t}f, refers to
the plastic strain up to fracture under constant pressure P. T* = T/f/, is the normalized maximum tensile hydrostatic pressure, where T is the maximum
tensile hydrostatic pressure that the material can endure. D; and D, are damage constants. EFMIN is a material constant used to suppress fracture from
weak tensile waves.

The equation of state is

Kelmtic,ua p < Pcrush

Pcru.sh - Plack(

pP= H _:ucrush) +Pcrwh-,Pcmsh <P< Plock (CS)

Herush — Hiock
Kifi + Koi® + K3®, P > Plock

where y = p/p, —1 is the volumetric strain, where p and pg are the current density and initial density, respectively. Keigstic = Pcrush/Hcrusn Tefers to the
elastic bulk modulus, where P and p,,, are the pressure and volumetric strain, respectively, when the material begins to undergo plastic
deformation. pp,, and Pyare the volumetric strain and pressure, respectively, when the air voids are completely removed from the material.
= (U —thoer )/ (1 +H0ex) represents the modified volumetric strain. K;, Ko and K3 are constants. i, is the volumetric strain when the density p reaches
the grain density pgrain.

Karagozian & Case (K&C) concrete (KCC) model

The KCC model was designed to analyze structures subjected to dynamic loadings, such as impacts and blasts. This model incorporates three
pressure-sensitive, independent strength surfaces on the compressive meridian plane [65-67]: the maximum failure surface (Yy,), the initial failure
surface (Y;), and the residual failure surface (Y;), as defined in Eq. (C4)-Eq. (C6). However, the eight parameters ao, a1, az, agy, a1y, a2y, aif, azf for the
three surfaces need to be derived from triaxial tests of the material. Specially, aor in Eq. (C6) should be zero for concrete, as no residual strength is
observed in uniaxial compression tests. But due to the fiber-bridging effect, ACCCs exhibit recoverable deformation after unloading, which requires
further calibration of agf for ACCCs.

3(P/n+f),P<0
V=1 1L5(P+f)/w(P),0 <P <f/3 (C4)
ao +P/(a; + azP),P > f./3

1.35(P+£),P<0
yi— J 135f+3P(1-1.35f, /f,.).0 <P <. /3 C5)
a0y+P/(a1y+a2yP),P >fy5/3

Y. = Qor + P/(a1f + asz) (Co)

where y(P) denotes the ratio of the tensile to compressive meridian radii at a given pressure P. f; is the uniaxial compressive strength. f,. is initial yield
compressive strength. f; is the uniaxial tensile strength. 7 is the yield scale factor (0—1) that is related the accumulated equivalent plastic strain.

Moreover, it is important to note that y(P) and the assumption Y;= 0.45Yy, may not be applicable to fiber-reinforced cementitious materials, as it is
based on previous experimental data from normal concrete. Additionally, a notable drawback of this model is that the variation of fracture strain with
strain rate is inconsistent with experimental observations [62].

ZWT model

The ZWT model is a nonlinear viscoelastic model to consider the dynamic constitutive behavior of polymers [68-71]. It is primarily used to
describe the constitutive relationship of polymers within a strain rate range of 10™* to 107>, Recently, the ZWT model has also been applied to
studying the dynamic mechanical behavior of concrete-like materials. This model is particularly effective in capturing the dynamic response of
materials exhibiting strain-hardening properties. However, it does not account for the damage characteristics that occur during deformation, limiting
its ability to describe the dynamic mechanical behavior of concrete-like materials that exhibit distinct damage features and strain-softening behavior
after reaching peak stress [69]. Additionally, the model’s complexity, due to the large number of parameters, increases computational challenges.

Appendix D

The strain rate — DIF curve for concrete in compression according to the CEB-FIP model code 2010 (MC2010) [72-74] is

é‘ 0.014

<;> if £€<30s!

DIF = . s (1)
0.012<éi> if &> 30s7!

c

Where & = 30 x 107%s7! (quasi-static strain rate).
The strain rate — DIF curve for concrete in tension according to the CEB-FIP model code 2010 (MC2010) [72-74] is
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& 0.018
(,f> if £€<10s!

€t

DIF =

&\ 173
0.0062 (;) if é>10s7"
t

Where ¢ = 107%s7! (quasi-static strain rate).
The DIF values of cementitious materials in tension at high strain rates, obtained from existing literature [48-51,72,75,76] and the FIB standard
(CEB-FIP Model Code 2010) [73], are presented below.
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Fig. D1. DIF values of cementitious materials in tension at high strain rates from existing literature and fib standard (CEB-FIP model code 2010)

Data availability

Data will be made available on request.
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