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ARTICLE INFO ABSTRACT

Keywords: This paper presents a systematic experimental study on the static and dynamic mechanical behaviour of high-
High-performance concrete performance concrete (HPC) reinforced with 3D re-entrant lattice, accounting for the effect of functionally
Metamaterials

gradient design. The uniform 3D re-entrant lattice (U) and the corresponding vertically positively and negatively
graded lattices (FG1 and FG2) were designed and manufactured with 3D printing. The plain HPC (P-HPC) and
HPC reinforced with U (U-HPC), FG1 (G1-HPC) and FG2 (G2-HPC) were fabricated accordingly. Static
compressive and split Hopkinson pressure bar tests were then conducted to investigate the static and dynamic
compressive behaviour of 3D re-entrant lattice reinforced HPC under various strain rates (i.e., 0, 28.1, 50.6, 72.0
and 100.6 s 1). Results indicate that the static compressive strength of HPC specimens is slightly improved owing
to re-entrant lattice reinforcement, while the static dissipated energy of P-HPC is 55.7 %, 53.2 % and 57.5 %
lower than that of U-HPC, G1-HPC and G2-HPC, respectively. Regarding dynamic compressive behaviour,
although the dynamic strength of P-HPC is 11.3-24.6 % higher than that of lattice reinforced HPC at a strain rate
of around 30 51, with the further increase of strain rates, the re-entrant lattice reinforced HPC presents higher
strength improvement. G2-HPC has the highest dynamic compressive strength of 198.3 MPa at a strain rate of
approximately 100.6 s71, followed by G1-HPC, P-HPC and U-HPC. At low strain rates, the plain and lattice
reinforced HPC exhibit the similar energy absorption. When the strain rate reaches around 100.6 s}, U-HPC, G1-
HPC and G2-HPC exhibit a 29.8 %, 36.8 % and 54.3 %, respectively higher dissipated energy than P-HPC. The
gradient design of lattice reinforcement brings a more gradual and smooth dissipation of energy, thereby
improving the overall energy absorption capacity. The excellent dynamic compressive behaviour of functionally
graded 3D re-entrant lattice reinforced HPC offers a promising solution for protective structures subjected to high
strain rates, including impact, blast, and seismic loadings.

Functionally gradient design
3D printing
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1. Introduction with continuous and regular arrangement can be regarded as an

advanced reinforcement to achieve an expected cracking process,

As one of the most extensively used construction materials, concrete
has been developed into various types to meet the demands for different
civil infrastructures. High-performance concrete (HPC), as an advanced
material distinct from traditional concrete, has higher strength with
improved elastic modulus, durability and lower permeability [1].
Similar to normal concrete, HPC also suffers from significant inherent
brittleness [2]. To alleviate the intrinsic brittleness, steel or polymer
fibres are usually incorporated into concrete [3]. However, the discrete
and disordered distribution of these fibres could bring the unpredictable
localised cracking patterns and impair the mechanical performance of
cementitious composites [4,5]. To overcome such limitation, 3D lattices
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improved strength, ductility and energy absorption capacity [6].

In recent years, with the rapid development of metamaterials,
auxetic lattices characterised by negative Poisson’s ratio (NPR) effects
were proposed. Emerged as a novel structure, the auxetic structure
shrinks transversely under compression and stretches transversely under
tension, leading to superior engineering properties such as variable
permeability, excellent shear stiffness, indentation resistance, and
fracture toughness [7]. When subjected to impact loadings, different
from conventional structures with positive Poisson’s ratio, the auxetic
lattices tend to converge towards the impact region and bring intense
densification in impact area, resulting in enhanced energy absorption
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capacity and impact resistance [8]. The superior mechanical properties
and high porosity of auxetic structures provided a prospect of adding
auxetic lattice reinforcement into HPC. Among various kinds of auxetic
structures, re-entrant structures composed of thin ribs and linking hinges
were most widely explored because of the excellent strength, elastic
modulus and NPR effects [9-11].

Various studies have been focused on re-entrant lattice reinforced
cementitious composites which exhibit superior stiffness, hardness and
toughness by incorporating auxetic lattices, against non-auxetic lattice
composites. In comparison with the passive confinement activated by
lateral expansion of plain concrete under compression, the re-entrant
lattice reinforcement can provide both active augmented confinement
sourced from NPR effects and passive confinement activated by concrete
[12]. The NPR effect of re-entrant lattice resulted in biaxial compression
of concrete, thus enhancing the compressive performance. Meanwhile,
the sliding difficulty of struts was increased greatly by the friction be-
tween lattices and concrete [13,14]. 3D re-entrant steel lattice rein-
forced concrete was found to have a 140 % higher compressive strength
than unconfined concrete and around 41 % higher than conventional
reinforced concrete with passive confinement. The ductility indices of
auxetic lattice reinforced cementitious composites was in the range of
7.4-7.7, implying an excellent ductility and higher load bearing capacity
after local fracture or buckle of struts [12,15]. The incorporation of 3D
printed polylactic acid (PLA)-based re-entrant honeycomb reinforce-
ment resulted in an 8.3 % and 19.5 % rise in static compressive strength
of ultra-high performance concrete (UHPC) against the unconfined
UHPC and equivalent octet lattice reinforced UHPC, respectively. With
the increasing strain rate to around 85-135 s1, the dynamic compres-
sive strength of re-entrant honeycomb reinforced UHPC was superior to
other composites including steel fibre reinforced UHPC, ascribed to the
more pronounced auxeticity of lattices under impact and synergistic
interaction between auxetics and filling materials [16]. It was also re-
ported that the deformation patterns and energy absorption ability of
auxetic lattice reinforced cementitious composites mainly depended on
the relative stiffness and strength between the lattice and filler phase
[17]. Besides, the transition from single re-entrant reinforcement to
layered re-entrant reinforcement would enhance the shear resistance as
well as overall stability and energy absorption capacity of cementitious
composites [18]. To date, although large-scale engineering applications
of auxetic lattice reinforced cementitious composites are still lacking,
recent studies have developed different structural elements, including
auxetic carbon fibre reinforced polymer (CFRP) confined concrete col-
umns, auxetic tube confined concrete cylinders, and re-entrant steel
reinforced concrete columns [12,19,20]. The excellent ductility and
energy absorption capacity of cementitious protective structural ele-
ments reinforced with auxetic structures indicate their promising pros-
pects in structural implementation subjected to dynamic loadings such
as blast, earthquake and vehicle collisions [21-23].

Within the interaction between lattice reinforcement and filling
materials, the geometry of lattice reinforcement plays a crucial role in
determining the mechanical properties of lattices and composites [24,
25]. Hence, the introduction of functionally gradient design can emerge
as a promising approach to improving the properties of auxetic lattice
reinforced concrete. Functionally gradient was defined as a gradual
variation in chemical compositions or structural design, which enables
to tailor the mechanical responses of the materials [26]. Generally, the
relative density in each layer can be graded by altering strut diameter,
unit cell height, cell wall thickness and porosity [27-36]. Compared to
uniform structures, the vertically relative graded lattice structures ten-
ded to exhibit a layer-wise collapse, each characterised by a short
plateau region in mechanical responses [27]. Meanwhile, as to energy
absorption capacity, most relative density vertically graded lattices
exhibited a higher strain at onset of densification compared to the uni-
form counterpart [37-39]. The rapidly increasing plateau stress with
strain and the higher onset densification strain contributed to superior
energy absorption capability of graded structures. Although the
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re-entrant lattice reinforced cementitious composites offered superior
mechanical performance under static and dynamic loadings in afore-
mentioned studies, the optimisation of lattice reinforcement geometry
has been rarely explored. The introduction of functionally gradient
design was expected to achieve more controllable deformation patterns
and enhanced energy absorption capacity of re-entrant lattice reinforced
concrete under static and dynamic compression. To date, a systematic
study on mechanical performance of functionally graded 3D re-entrant
lattice reinforced concrete is still lacking.

The main purpose of this study is to systematically investigate the
static and dynamic mechanical behaviour of HPC reinforced with 3D re-
entrant lattices, considering the effect of functionally gradient design.
Firstly, the uniform 3D re-entrant lattice structure (U), a vertically
positively graded structure (FG1), and a negatively graded structure
(FG2) with the same relative density were systematically designed and
manufactured with 3D printing using selective laser sintering (SLS)
method. Then, the corresponding uniform lattice reinforced HPC (U-
HPCQ), positively graded lattice reinforced HPC (G1-HPC) and negatively
graded lattice reinforced HPC (G2-HPC) were fabricated accordingly.
The plain HPC (P-HPC) was also prepared as the reference specimen for
comparison. Afterwards, the static compressive tests on lattices and HPC
composites were performed to explore the deformation pattern, NPR
effect, stress-strain response and energy absorption capacity. Moreover,
Split Hopkinson pressure bar (SHPB) tests were conducted to study the
dynamic compressive behaviour of 3D re-entrant lattice reinforced HPC
under different strain rates (i.e., 28.1, 50.6, 72.0 and 100.6 s~ 1). Based
on the obtained experimental results, the effects of functionally graded
lattice reinforcement and strain rates on the dynamic compressive
behaviour of HPC as well as the underlying mechanisms were thor-
oughly explored and discussed in detail.

2. Experimental program
2.1. High-performance concrete (HPC)

2.1.1. Mix proportion

The mix proportion of HPC used in this study is given in Table 1. P.
052.5 Portland cement with density of 3000 kg/m® was used as the
binder along with silica fume that has an average particle size of
0.1-0.15 pm and a specific surface area of 15-27 m?%/g. Silica sand with a
maximum particle size below 450 pm was used as fine aggregate.
Polycarboxylate-based superplasticisers at around 2.1 % of the total
binder by mass were added to improve the workability of HPC.

2.1.2. Sample preparation

HPC was primarily produced through a mixing and curing process.
During the mixing process, dry materials including cement, silica fume
and silica sand were initially slowly mixed in the mixer for 3 min. Then,
superplasticisers were added slowly and mixed thoroughly for 3 min,
followed by gradual addition of water and high-speed mixing for
another 2.5 min. Finally, the fresh mixture achieved the peak flow-
ability. The slump test was conducted for all fresh HPC mixtures, indi-
cating that the slump of P-HPC was 207.3 + 2.2 mm.

After mixing process, the mixture was promptly cast into void cube
moulds (70.7 x 70.7 x 70.7 mm3) and vibrated on a vibrating table. All
samples were cured in the moulds for 1 d and then de-moulded, followed
by continued curing in a standard curing chamber at a temperature of 20
+ 2 °C and a relative humidity of 95 % until 28 d.

Table 1

Mix proportion of HPC (kg/m®).
Cement Silica fume Sand Water Superplasticisers
788 200 1100 160 21
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2.2. 3D re-entrant lattices

2.2.1. Geometry

Inspired from a previous study [16], Catia software was used to
develop 3D re-entrant lattice structures. Fig. 1 illustrates the geometry of
2D and 3D unit cell for each structure. Both uniform and graded struc-
tures held same skeleton of 2D unit cell but different thicknesses for
development of 3D structures (Fig. 1a). The re-entrant angle defined as
the angle between the inclined and vertical struts was set as 45° [40].
The inclined and vertical struts of 2D skeleton had lengths of 11.2 mm
and 19.3 mm, respectively. Fig. 1b-d demonstrates the detailed geom-
etry of 3D unit cells of the uniform and graded lattices. The uniform
structure (U) had the same strut thickness as 2.4 mm for all layers, while
the strut thickness of each layer from top to bottom was set from 2.0 mm
to 2.8 mm for the corresponding positively graded re-entrant structure
(FG1), and from 2.8 mm to 2.0 mm for negatively graded re-entrant
structure (FG2).

Fig. 2 presents a schematic diagram of the designed structures. All
uniform and graded structures consisted of 4 x 4 3D unit cells and kept
the same volume fraction (V) as 10.5 % of cementitious composites. U
had a dimension of 65.76 x 65.76 x 65.81 mm® (length x width x
height), while the varying length (width) of each layer of FG1 and FG2
from 65.36 mm to 66.16 mm was adopted according to thickness of
outer vertical struts.

2.2.2. PA12

As one of the most common printing materials for SLS method, PA12
with excellent tensile behaviour, hardness, abrasion resistance and
thermal properties was used to print the designed re-entrant lattices in
this study [41-43]. Uniaxial tensile tests on PA12 dog-bone specimens
were conducted to measure the tensile properties of PA12, with tensile
loading rate of 1 mm/min as per GB-T 1040.2-2022 [44]. Fig. 3b
demonstrates the tensile stress-strain curves of three PA12 samples. The
middle part of the specimen became slender, followed by a relatively
smooth perpendicular fracture to the loading direction. The tensile
stress-strain curves began with a nearly elastic growth to around 1.75 %
strain and then fractured. The measured elastic modulus, tensile
strength and elongation at break of PA12 were 1.30 + 0.05 GPa, 23.30
+ 1.93 MPa, and 1.79 + 0.08 %, respectively.

2.2.3. Specimen fabrication
The re-entrant lattices were printed through SLS 3D printing using an
EOS p7 3D printer. To facilitate maintaining the lattice structures in the
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mould to achieve a centred reinforcement accompanied with a protec-
tive layer during the casting process, twelve protrusions at 2 mm height
were symmetrically positioned on the surface of neutral sturts in the four
directions (Fig. 4a). The 3D printed samples of U, FG1 and FG2 are
shown in Fig. 4b-d.

2.3. 3D re-entrant lattice reinforced HPC

Three types of 3D re-entrant lattice reinforced HPC (i.e., U-HPC, G1-
HPC and G2-HPC) were fabricated and investigated in this study, the
casting and vibrating process of which are shown in Fig. 5. Compared to
P-HPC, the re-entrant lattices were placed in the middle of the mould at
first, which can be fit through the protrusions on both sides and bottom.
Then, the fresh HPC was smoothly injected into the mould through the
void in the lattice, followed by continuous vibration to ensure that HPC
was filled into the lattice structure from bottom to top. The curing and
demoulding process kept the same as that of P-HPC. To ensure reliability
of the test results, three repetitions were designed for four HPC speci-
mens for compressive tests and the average values were adopted for
analysis.

2.4. Test methods

2.4.1. Static compressive test

The uniaxial quasi-static compressive test on three lattice structures
with different gradient design was performed using a WDW-100
microcomputer-controlled electronic universal testing machine with
loading capacity of 100 kN. The specimen was placed on the lower
platen of the testing machine, with the vertical centre aligning with the
centre of the lower platen, as illustrated in Fig. 6. The loading was
employed along the manufacturing orientation of the lattice structures.
The upper platen compressed the specimen up to 80 % displacement
(around 52.6 mm). The loading rate was constantly set as 3.95 mm/min
to achieve a strain rate of 0.001 s™!. The displacement data was
collected through linear variable differential transformers (LVDT) with
accuracy of 10~ mm. Meanwhile, a digital camera was placed in front of
the machine to record the deformation patterns and obtain the Poisson’s
ratios of the specimens under static compression.

Due to the incorporation of functionally graded design, the Poisson’s
ratio of each layer of the 3D re-entrant lattice presented significant
variations with the increase of strain. To investigate the auxetic
behaviour of the lattices, the average Poisson’s ratio of each layer was
recorded and compared. As shown in Fig. 6, four reference points were

(c) (d)

Fig. 1. Geometry of: (a) 2D unit cell, (b) 3D unit cell of U, (c) 3D unit cell of FG1, and (d) 3D unit cell of FG2 (unit: mm).
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Fig. 3. Uniaxial tensile test on PA12: (a) test setup (unit: mm), and (b) tensile stress-strain curves.

symmetrically distributed at the corners on the left and right sides of
each layer. The ruler placed beneath the bottom plate was used as the
scale reference for distance measurements. To better identify the posi-
tions of reference points throughout the tests, all reference points were
set at the intersections between the inclined and vertical struts, posi-
tioned close to the end of the vertical struts. The horizontal strain at
reference points & can be obtained by:

ApBj — AiB;

1
ApBio W

Exi =

where A;jyB;p stands for the original distance between reference points A;
and B;, A;B; denotes the distance of the following deformation (i =1, 2,
3, 4, 5, 6). The average transversal strain ex, longitudinal strain ey, and
Poisson’s ratio vyyx at different layers of U, FG1 and FG2 structures can be
derived as:

() _ Ex(2n-1) t Ex(2n)

ey = 2
X 3 (2)
881) = €nominal (3)
(m)
€
s — & )
o
Y

where n represents the layer of lattice (n = 1, 2, 3).

The compressive behaviour of HPC cubic specimens with a dimen-
sion of 70.7 x 70.7 x 70.7 mm® was evaluated using a 3000 kN-range
electro-hydraulic servo universal testing machine equipped with force
gauges accurate to 107 kN, as per JGJ/T 70-2009 [45]. The specimen

was placed on the lower platen of the testing machine. The load-bearing
surface of the specimen should be perpendicular to the top surface
during moulding process, with the centre aligning with the centre of the
lower platen of the testing machine. The loading rate was constantly set
as 0.42 mm/min to achieve quasi-static compression. The data including
time, load and deformation were collected.

2.4.2. Split Hopkinson pressure bar (SHPB) test

The dynamic compressive behaviour of four types of HPC specimens
cured for 28 d was characterised using a SHPB system that was
commonly employed to evaluate the dynamic performance of engi-
neering materials subjected to high strain rates up to 10* s™* [46]. As
illustrated in Fig. 7, the alloy steel made SHPB apparatus consisted of a
launch tube, a 5000 mm-length incident bar, a 3500 mm-length trans-
mission bar, a 1200 mm-length absorbing bar and an absorber. The
diameter of all bars is 100 mm, resulting in a maximum allowable
diameter for all cubic specimens of 70.7 mm. A strike bar (with 600 mm
in length) placed in the launch tube was adopted as a projectile to strike
the incident bar. To collect and analyse the strain data, a digital oscil-
loscope and two strain gauges were introduced to the system. Particu-
larly, the two strain gauges were symmetrically and tightly attached to
the incident bar and the transmission bar, both of which were located at
a distance of 2500 mm from the test specimens.

Prior to the test, the cubic HPC specimen with a diameter of 70.7 mm
was clamped between the incident bar and transmission bar first. A thin
layer of Vaseline was evenly applied to the specimen surfaces to mini-
mise the interfacial friction. The acrylic container was fabricated to hold
the specimen and prevent fractured concrete fragments from ejection.
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Fig. 4. Illustration of 3D re-entrant lattices: (a) SLS printing model with protrusions, (b) 3D printed U sample, (c) 3D printed FG1 sample, and (d) 3D printed FG2
sample (mm).

Casting of HPC

and vibrating P44 EContmue vibrating
-

Fig. 5. Casting and vibrating process for 3D re-entrant lattice reinforced HPC.
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Fig. 7. Schematic illustration of SHPB test set-up.

The rubber-made pulse shaper (with diameter of 30 mm and height of 2
mm) was attached to the centre of the end of the incident bar, also
known as the pulse shaping technique. Through extending the rising
duration of the incident wave, the stress equilibrium could be achieved
within the cubic specimen [47]. Moreover, the smooth of the incident
curve directly reduced inertia and dispersion influence [48]. Thus, the
accuracy of SHPB results was improved through the introduction of
pulse shapers. An example for checking the stress equilibrium within the
specimen is shown in Fig. 8. The projectile depth in the launch tube and
the nitrogen gas pressure by computer should be regularly adjusted to
achieve designed impact velocities, which can be measured by the speed
detection device.

During the test process, the incident bar was first stroked by the

projectile, gradually producing the incident signal (t). The incident
wave arrived at front interface between the cubic specimen and the
incident bar. The reflected signal ¢g(t) was generated by a portion of
incident wave due to the impedance difference [49], along with the form
of transmitted signal er(t), which continued to propagate into the
transmission bar through the specimen. In theory, the strain rate and
impact velocity of the same specimen exhibit a positive correlation
relationship. Various strain rates (about 30.0-100 s~ 1) were applied for
P-HPC, U-HPC, G1-HPC and G2-HPC to ensure effective dynamic
response of the specimens under low-energy impact conditions while
reflecting practical applications involving typical hard engineering
impact scenarios [50,51].

During the test, the incident signal ¢(t), reflected signal eg(t) and
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Fig. 8. A typical example for checking the stress equilibrium of the test spec-
imen under impact loading.

transmitted signal er(t) against time were obtained through digital
oscilloscope to collect the strain signals from two strain gauges.
Assuming the wave propagating in the bars is one-dimensional and
elastic, and the axial stress and stress are both uniform in the testing
specimen, the strain rate, strain and average stress of the test specimen
can be determined as follows [46]:

_ Co(é‘R(t) + ST(t) — Sl(t)) (5)
l

t

e=2 / co(er(t) +en(t) — ar(t))dt ©

0

_ ApEp(er(t) + er(t) + er(t))

0 24, @

where A; denotes the cross-section area of the test specimen.
3. Results and discussion
3.1. Static compressive behaviour of lattice structures

3.1.1. Deformation patterns

Fig. 9 displays the deformation patterns of U, FG1 and FG2 structures
during compression. The lateral translation of the middle layer and
subsequent fracture of struts primarily took place in U structure,
whereas FG1 and FG2 structures experienced a layer-by-layer collapse.
For U structure, the entire structure initially exhibited tri-axial
compression deformation as the strain increased from 0 to 10 %, with
an obvious NPR effect. There was insufficient support on the neutral
struts with a large aspect ratio, and the local deformation due to elastic
instability tended to transfer to adjacent neutral sturts [52]. In addition,
the continuity, stability and coordination can be maintained as a whole
owing to the compatibility restrictions of structure [53]. Hence, the
middle layer underwent sudden lateral displacement in one direction.
Then, the re-entrant struts and neutral struts gradually fractured at their
weakest points due to shearing and bending. With the further increase of
strain to 20 %, all connecting struts fractured, as a result of which the
middle layer separated from the upper and lower layers. The unit cells in
each layer closely adhered to that in the adjacent layers. As the strain
went up to 40 %, the intermedium layer progressively collapsed, fol-
lowed by the complete fracture and detachment of the struts. With the
further increasing strain, the top and bottom layers started to collapse
and compact with each other.
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FG1

FG2

Fig. 9. Deformation patterns of U, FG1 and FG2 structures under static
compression.

In contrast, graded structures presented a layer-by-layer collapse
pattern. The incorporation of the functionally gradient design brought a
more stable and controllable deformation [54]. For FG1 structure, the
collapse progressed from the top layer with thinnest struts to the bottom
layer. As the strain reached 10 %, a slight overall tri-axial contraction
occurred in the whole structure, which was more pronounced in the top
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layer. The compression of the vertical struts as well as the bending and
shearing of the inclined struts were the primary deformations of the unit
cell under ideal conditions [55]. The joints between the vertical and
inclined struts of the unit cells moved inward under compression, and
the fracture of the inclined struts initiated from the weakest points near
the neutral struts. The unit cells in top layer twisted slightly, which can
be attributed to the unbalanced bending moments on the neutral struts
resulting from edge effects [53]. With the rise of strain to 20 %, the
neutral sturts connecting the top and middle layers gradually fractured
under compression and bending. Thus, the top layer completely
collapsed when the strain reached 30 %. The similar complete collapse
process of middle and bottom layers can be observed when the strain
was in the ranges of 30-60 % and 60-80 %, respectively. During this
process, the fractured struts of the upper layers detached from the
structure and the collapsed struts steadily contacted and compressed
each other. Similarly, FG2 structure exhibited a progressive collapse
from the bottom layer to the top layer, which occurred at the strain
ranges of 10-30 %, 30-60 % and 60-80 %, respectively. During the
layer-wise collapse process, the most obvious auxetic behaviour tended
to appear in the layer with the thinnest struts.

3.1.2. Poisson’s ratio

As seen in Fig. 10, all re-entrant structures exhibited significant NPR
effects during static compressive process. With the increase of strain, the
re-entrant angle () gradually dropped, along with the reduction of
horizontal displacement of the joints [56], leading to the decrease of
transversal strain of the structure (ex) and absolute value of the average

Poisson’s ratio in each layer (v(}f',g). This can be attributed to the
increasing resistance of the re-entrant struts to horizontal deformation
as strain increased. For U structure, the Poisson’s ratios of the upper and
lower layers followed a similar trend with strain before collapse, ranging
from —0.38 to —0.02 and —0.41 to —0.05, respectively. The middle layer
also had a comparable Poisson’s ratio at a strain of 5-20 %. However,
the middle layer underwent a lateral displacement due to the large
aspect ratio of neutral struts and edge effects (see Fig. 9). The premature
local instability deteriorated the continuity and coordination of the
whole structure, causing the NPR effects to only manifest in the early
stage of compression.

In comparison, FG1 and FG2 had different Poisson’s ratios across
different layers with the increase of strain from 0 to 80 %. The boundary
and torsional effects on unit cells across different layers during
compression also contributed to the reduction in NPR effects for graded
structures. The more pronounced NPR effects occurred in the layers with
the thinner struts, which approximately twice that of the uniform
structure. This can be explained by the fact that the thinner struts
possessed lower resistance to bending and rotation, resulting in a grater
relatively transversal deformation. The Poisson’s ratios of FG1 varied
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from the layer with the thinnest struts to the layer with the thickest
struts as follows: from —0.79 to —0.30, from —0.29 to —0.03, and from
—0.19 to 0, slightly lower than that that of FG2 structures at the same
strain which ranged from —1.07 to —0.28, from —0.42 to —0.03, and
from —0.25 to —0.02, respectively, as the contact layer directly sub-
jected to external loads with thicker layer led to comparably higher load
bearing capacity although under quasi-static loading.

3.1.3. Stress-strain responses

Fig. 11 presents the stress-strain curves of re-entrant structures under
compression. The curves of U structure increased linearly until the
neutral struts started to yield (e ~ 0-5 %). Then, there was a rapid up-
ward ascended to the initial peak stress (around 1.2 MPa), followed by a
sharper decline caused by the fracture of neutral struts connecting
middle layer with top and bottom layers and lateral translation of
middle layer (¢ &~ 5-9 %), which disrupted the structural stability,
continuity and coordination, and thereby reducing the load-bearing
capacity. The curve gradually increased with strain due to the contact
and compression of the unit cells of different layers. With the further
compression, the re-entrant, vertical and neutral struts were gradually
broken at the weak joints, resulting in a sudden decline in stress. The
progressive downward and upward fluctuation of the curve (e =~ 9-65 %)
indicated the continuous fracture of the struts and the subsequent
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Fig. 11. Stress-strain curves of U, FG1 and FG2 structures under static
compression.
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Fig. 10. Average Poisson’s ratios of different layers in (a) U, (b) FG1, and (c) FG2 structures under compression.
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compression of the other struts. Finally, the struts continued to break
and compress each other, and thus the curve showed a steep upward
trend (¢ > 65 %).

In contrast, the curves of FG1 and FG2 structures presented distinct
stepwise trends. There was an elastic region first until the thinnest struts
bent (e ~ 0-3 %), followed by three similar stages. The curves included
the alternations of inclining, declining, and low-stress plateau stages (e
> 3 %), which represented the progressive collapse and compaction in
each layer from the weakest layer to the strongest layer. During the
process of each stage, the compression of sturts and the collapsed unit
cells led to a rise in the stress, while the fracture and detachment of
struts resulted in a loss in load-bearing capacity. This layer-by-layer
collapse accompanied by a stress redistribution that reflected the ef-
fects of gradient design in controlling the deformation patterns and
energy dissipation process.

As seen in Table 2, compared to U structure, FG1 and FG2 had 30.0 %
and 9.5 % lower elastic modulus, 56.5 % and 47.8 % lower yield stress,
43.3 % and 47.9 % lower first peak stress, respectively. During initial
compressive process, the thinnest struts in graded structures possessed
lower stiffness and plastic resistance than that of equivalent U structure,
leading to lower yield strength, elastic modulus and first peak stress
[57]. However, with the increase of strain, the graded structure
possessed higher stress in plateau stage. The step-like features of the
graded lattices resulted in a higher load-bearing capacity with the
increasing strain [27].

3.1.4. Energy absorption

During the static compressive process, the PA12 struts could fracture
and detach from the re-entrant structure, preventing the structures from
reaching the theorical densification stage through considering energy
efficiency [58]. The energy absorption capacity of the lattice structure
can be expressed as the integral of the stress-strain curve up to 80 %
deformation [59]:

w, = / ode (8)
0

where ¢, represents the target strain.

As seen in Fig. 12, W, of U, FG1 and FG2 increased with strain until
the strain reached around 80 %. The uniform structure exhibited
significantly greater energy absorption than the graded structures in the
early stages of deformation (¢ ~ 0-37 %). This was because the defor-
mation and fracture of thicker struts in a uniform structure absorbed
more energy under the same strain. Moreover, the uniform structure
exhibited a more rapid overall collapse compared to graded structures.
Asindicated in Table 2, W, of FG1 and FG2 was about 26.7 % and 19.2 %
higher than that of U structure, respectively. Lattice structures were
characterised by a flat plastic plateau region, associated with their
geometric configuration [60]. The controllable deformation mode
sourced from graded geometry is usually the main reason for the
improved energy absorption capacity of the graded lattice compared to
the uniform lattice [61]. The gradient design in FG1 and FG2 can cause
more even stress distribution throughout the structure, slowing the
deformation of struts and breaking of sturts and allow more energy to be
dispersed and absorbed up to densification.

Table 2
Mechanical properties of different lattice structures under static compression.
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Fig. 12. Energy absorption for uniform and graded 3D re-entrant lattice
structures under static compression.

3.2. Static compressive behaviour of composites

3.2.1. Deformation patterns

Fig. 13 illustrates the cracking process of all HPC specimens with the
increase of strains. The longitudinal cracks of P-HPC initially emerged
and propagated from middle area of the specimens as the strain
increased to around 1 %. Subsequently, with the progressive increase in
strain, multiple cracks appeared on other surfaces, along with the
further development of the existing cracks. When the strain reached
around 3 %, a long longitudinal crack was formed, along with the
spalling of the concrete surface. In comparison, the initial crack of U-
HPC appeared longitudinally as the strain went up to 1 %. Then, the
cracks further propagated and new cracks initiated on the border of the
surface, followed by gradual spalling of concrete on the lateral surface
with the further rise of strain to around 3 %. The diagonal cracks
developed on the concrete surface due to the friction on the end face
under compression [62]. The matrix underwent further cracking, while
the internal struts maintained a certain load-bearing capacity,
continuing to bear the load until the complete spalling of the outer
concrete on the surface (¢ ~ 8-10 %). Different from U-HPC, the initial
longitudinal cracks appeared in the upper part of G1-HPC. The weak
struts in the upper layer made cracks more likely to occur in the critical
position. Correspondingly, the initial crack of G2-HPC appeared at the
bottom border of the composite as the strain reached around 2-3 %,
followed by the occurrence of longitudinal cracks. Both G1-HPC and
G2-HPC experienced gradual development of multiple longitudinal and
diagonal cracks on the surface when reaching the ultimate compressive
strength, and then progressive spalling of concrete with the further in-
crease of strain (e ~ 4-10 %). Although the lattice reinforced cementi-
tious composites still exhibited brittleness [6], the overall cracking
development was hindered of lattice reinforced HPC specimens with the
increase of strain. A triaxial compression of matrix could be formed
during the compression sourced from the NPR effects of 3D re-entrant
lattice reinforcement, which inhibited the initiation and propagation
of micro-cracks. The crack propagation and spalling of concrete of

Specimen Flastic modulus (MPa) Yield stress (MPa) First peak stress (MPa) Strain at first peak stress (%) Energy absorption up to 80 % deformation (MJ/m>)
U 4.53 + 0.45 0.23 + 0.02 1.06 + 0.16 8.53 + 0.45 0.45 £ 0.11
FG1 3.17 + 0.28 0.10 + 0.01 0.60 + 0.07 7.98 +0.18 0.57 + 0.05
FG2 3.19 + 0.80 0.10 + 0.01 0.55 + 0.04 7.85 + 0.48 0.54 + 0.02
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Fig. 13. Cracking processes of HPC specimens under static compression.
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graded lattice reinforced HPC were more severe than U-HPC, as the
localised damage of the concrete matrix and fracture of struts could
occur in the weak area with thinner struts due to stress concentration.

Fig. 14 displays the failure patterns of re-entrant lattice reinforced
HPC specimens. It can be observed that the outer struts were more prone
to localised damage and severe fracture in critical positions as the re-
entrant lattice reinforced HPC failed, leading to the spalling of con-
crete reinforced by the outer unit cells. Similar to the re-entrant hon-
eycomb lattice reinforced UHPC, the cracks of all re-entrant lattice
reinforced HPC specimens tended to develop along the vertical struts
[16]. The weak reinforcement at the joints of the re-entrant and vertical
struts was conducive to the cracking development. As seen in Fig. 14b-c,
the cracks in upper layer of G1-HPC and the bottom layer of G2-HPC
were wider than that of U-HPC. The reinforcement effects induced by
the weaker layer in graded lattice reinforced HPC caused cracks to
develop more easily in the initial stages as compared to uniform com-
posites. Meanwhile, it can be clearly observed that the compression and
localised damage of the weakest layer in the graded lattice reinforced
HPC were more severe than that of the other two layers due to stress
concentration. However, the overall integrity of G1-HPC and G2-HPC
after compression was higher than that of U-HPC, and the controllable
and predictable failure modes were important advantages during the
compression of concrete.

3.2.2. Stress-strain responses

Fig. 15 presents the compressive stress-strain curves of HPC speci-
mens. Firstly, the curves of all specimens exhibited a nearly linear in-
crease as the strain increased. Then, only P-HPC experienced immediate
failure at a strain of around 2.8 % upon reaching the peak stress. The
stress-strain curves of 3D re-entrant lattice reinforced HPC specimens
displayed a different trend: a shifting ascent to peak stress, followed by a
gradual strain-softening stage and then a sustained stress plateau stage
at around 20 MPa, after the strain of 10 %. The embedded continuous
lattice structures could support stress transferring and re-distribution to
mitigate stress concentration after matrix cracking within concrete,
providing supplementary support to encourage increased plastic defor-
mation as opposed to the inherent brittle failure of P-HPC [63,64].
Furthermore, similar to biaxial compression of polymer materials rein-
forced by 2D re-entrant structure [25], the hardened concrete could be
uniformly divided into sections by 3D re-entrant lattice confinement,
with each section subjected to triaxial compression. The mechanical
properties of HPC specimens were improved combining the augmented
confinement effects with the inherent high compressive strength of
concrete [12]. Hence, the enhanced post-peak load capacity of 3D
re-entrant lattice reinforced HPC provided significantly excellent
structural resilience and damage tolerance, enabling the composites to
mitigate brittle failure and absorb more strain energy. Compared with
U-HPC, G1-HPC and G2-HPC had relatively more smooth declining
curves, indicating that the development of cracks and enlargement of
zone damage can be delayed by stiffer layer of graded lattices. The strain
at the peak stress of U-HPC was largest (i.e., 3.6 %), followed by G2-HPC
(3.3 %), G1-HPC (3.0 %) and P-HPC (2.8 %). This can be explained by
the fact that concrete underwent local plastic deformation in regions

Cement and Concrete Composites 164 (2025) 106261

60 ——P-HPC
—— U-HPC
1 ——GI1-HPC
50 ——G2-HPC
= 40
-9
E i
@ 30 -
W
s
n
20
10 H
0 T T T T ¥ T = T
0 2 4 6 8 10

Strain (%)

Fig. 15. Stress-strain curves of HPC specimens with/without lattice reinforce-
ment under static compression.

with thinner struts, leading to premature failure.

3.2.3. Compressive strength

Fig. 16 illustrates the compressive strength of HPC specimens. P-HPC
exhibited the lowest compressive strength of 59.9 MPa, which was 0.3
%, 5.8 % and 3.9 % lower than U-HPC, G1-HPC and G2-HPC, respec-
tively. The compressive strength of re-entrant lattice reinforced HPC

63.6
60.1 2o

59.9

Compressive strength (MPa)
£y
=
1

P-HPC U-HPC GI1-HPC G2-HPC

Specimen type

Fig. 16. Static compressive strength of HPC specimens.

Fig. 14. A comparison of failure patterns of (a) U-HPC, (b) G1-HPC, and (c) G2-HPC under static compression.
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specimens was slightly improved, indicating that the additional support
from lattice reinforcement can lead to an enhanced load-bearing ca-
pacity of HPC [65]. Moreover, the internal 3D re-entrant lattices con-
tracted inward from the other two directions under compression to
achieve a tri-axial compression state of HPC matrix, which can be
regarded as augmented confinement [12]. However, there was a sig-
nificant strength difference between the lattice material and HPC,
resulting in a weakening of the reinforcement effect. The compressive
strength of graded lattice reinforced HPC was slightly higher than that of
U-HPC. As compared with uniform lattice reinforcement, graded lattice
tended to have more significant NPR effects in the layer with thinner
struts, resulting in more effective augmented confinement on cementi-
tious composites.

3.2.4. Dissipated energy

The energy dissipation of lattice reinforced concrete under
compression consisted of the energy dissipated by both concrete and
reinforcement, which can be obtained by the sum of area under the load-
displacement curve. Fig. 17 shows the dissipated energy of HPC speci-
mens until the strain reached around 10 %. The re-entrant lattice rein-
forced HPC had much higher energy dissipation until failure due to the
sustained strain-softening stage after peak stress compared to P-HPC
without lattice reinforcement. To clarify the actual energy dissipation
capacity of cementitious composites with different recovery elastic en-
ergy absorption capacity, the plastic dissipated energy defined as the
difference between total energy and elastic strain energy was employed
[66,67]. The irreversible plastic energy mainly included the energy
dissipated through plastic deformation, microcracking, fracture of
struts, interfacial friction, debonding and sliding between concrete and
lattice. The plastic stage of the specimens generally began at a strain of
around 0.6-0.7 %, after which the plastic dissipated energy of P-HPC
reached 346.5 J, which was 57.0 %, 54.6 % and 58.7 % lower than that
of U-HPC, G1-HPC and G2-HPC, respectively. The auxetic lattice rein-
forcement in HPC ensured the bonding between concrete and lattice and
kept residual stresses after the crack formation. The lattice reinforce-
ment providing active triaxial confinement for concrete continued to
redistribute stress across the entire specimen and reduce the stress
concentration after the initiation of microcracks within concrete. The
plastic deformation after peak stress can be greatly improved although
concrete gradually lost load-bearing capacity with increasing strain.
Moreover, the lattice reinforcement caused stress distribution across the
entire sample, offering supplementary support to encourage increased
plastic deformation although concrete lost load-bearing capacity. The
reinforcement kept the specimen remained together under large axial
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Fig. 17. Dissipated energy of HPC specimens.
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strains and offered support to concrete to absorb energy through tensile
elongation and fracture of struts during compression [16]. The lattice
reinforced HPC had superior similar energy absorption capacity through
high residual strength and ductility, showing a great potential in pro-
tective structures.

3.3. Dynamic compressive behaviour of composites

3.3.1. Failure patterns

Fig. 18 displays the crack development of HPC specimens under
similar strain rates (around 72 s_l). The four specimens underwent
similar trends: the main longitudinal cracks could form in the middle or
near the edge, along with the appearance of multiple observable cracks
around the main crack (Fig. 18b-e, h and k). Then, the existing cracks
would grow, while one or more longitudinal cracks could be generated
(Fig. 18cf, i and 1). This is because the short impact loading duration
prevented the development of existing micro-cracks and allowed for-
mation of new micro-cracks [68]. Finally, the rapid development of
cracks caused the ultimate failure of the specimens. During this process,
the inclined cracks could appear on the surface and propagate into the
longitudinal direction, which can be attributed to the pre-existing de-
fects in HPC specimens [69]. Similar to P-HPC, the cracks of lattice
reinforced HPC also developed parallel to the direction of the dynamic
compression as the weak joints of the lattice reinforcement were ar-
ranged longitudinally.

As seen in Fig. 19 for the failure patterns of all HPC specimens under
dynamic compression, with the increasing strain rate from around 28.1
s™! to 100.6 571, the failure patterns of P-HPC changed from keeping
almost no damage to small fragments failure. Slight perpendicular
cracks can be observed in P-HPC at a strain rate of around 28.1 s
(Fig. 19a), followed by rapid crack propagation and damage of the edge
portions into large pieces as the strain rate increased to around 50.6 s
due to brittleness of HPC (Fig. 19b). With the further increase of strain
rate, the specimens progressively damaged into large fragments without
distinct main portions (Fig. 19¢). At around 100.6 s71, the size of the
fragments became smaller (Fig. 19d). The progression of failure modes
with the increase of strain rates was consistent with that in other plain
concrete under dynamic compression [70,71].

In comparison, the 3D re-entrant lattice reinforced HPC experienced
distinct damage evolution at similar strain rates: changing from the
almost intact specimens with cracks and slight concrete spalling to large
main portions with small fragments. At around 28.1 s~1, U-HPC, G1-HPC
and G2-HPC all had perpendicular cracks on the surface (Fig. 19e-i and
m). The concrete between the outer unit cells was prone to spalling
slightly at edges without internal lattice reinforcement. When the strain
rate reached around 50.6 s~!, multiple wider and longer cracks were
developed along the vertical struts in all lattice reinforced HPC speci-
mens, while the slight concrete failed at the edges of impact surface
(Fig. 19f-j and n). Compared to graded lattice reinforced HPC, a pene-
trating crack can be observed within the specimen for U-HPC, ascribed
to the stronger layers in graded lattice structures with greater strength
under dynamic compression, which prevented the weaker joints from
completely breaking at low strain rates. With the increase of strain rate
to around 72.0 s™, more cracks formed on the surface and developed
inward, as a result of which the lattice reinforced HPC specimens were
transformed into several main sections. Meanwhile, a few outer unit
cells detached in alignment from the main sections. The crack initiation
and propagation along the vertical struts of lattices were more pro-
nounced, consistent with the failure patterns in static compression. The
stress concentration at weak joints of the re-entrant and vertical struts
sourced from uneven stress transfer was conducive to the cracking
development. At around 100.6 s, U-HPC, G1-HPC and G2-HPC kept
certain main sections, followed by the vertical fragments detaching in
alignment along the weak joints.

Under lower strain rates (below around 30 s ! in this study), lattice
reinforced HPC tended to exhibit a few more severe damages than P-
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Fig. 18. Crack development of HPC specimens at a similar strain rate of 72 s~! (red lines denote cracks, and their thickness indicates the crack width). (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

HPC, which was mainly reflected in the crack development and slight
concrete spalling (Fig. 19a-e, i and m). This can be explained by the fact
that the stress concentration could occur in some areas, especially the
weak joints connecting the re-entrant struts with neutral struts and
vertical struts in lattice reinforced HPC specimens due to the geometric
discontinuity [55,72]. Meanwhile, the geometric limitation of the lat-
tices resulted in a lack of effective confinement on the external concrete
between the outer unit cells, causing part concrete portions at the edges
to spall due to the propagation of cracks. However, as the strain rate
went up to around 50.6 s}, the lattice reinforced HPC had fewer frag-
ments and better integrity under impact. Similar to other re-
inforcements, the 3D re-entrant lattices could restrict the lateral
deformation of inside matrix under dynamic compression [73]. More-
over, the NPR effects of 3D re-entrant lattice reinforcement caused the
internal concrete simultaneously experiencing inward compression in
the other two directions from struts under compression [12]. Such
augmented confinement effect enhanced the dynamic compressive
resistance and delayed the development of internal cracks under
high-speed impact.

The plain concrete

specimens presented different cracking
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development compared to lattice reinforced HPC. As seen in Fig. 19, P-
HPC without lattice reinforcement had multiple penetrating cracks at a
strain rate of around 50 s~1. In contrast, for U-HPC specimens, although
vertical cracks propagated along the vertical struts from top to bottom,
the lattice reinforcement prevented the rapid formation of penetrating
cracks, as shown in Fig. 20. During the dynamic compressive process,
microcracks may initiate within the lattice unit cells, while the propa-
gation was restricted by the multidirectional confinement.

3.3.2. Stress-strain curves

Fig. 21 shows the stress-strain curves for all HPC specimens at
various strain rates varying from 25.1 s! to 106.4 sL. Most of speci-
mens followed the similar trends, starting with a nearly linear elastic
region, followed by a short plastic region, a fluctuating region, and
finally a rapid decline until failure. Damage was crucial to the dynamic
compressive response of HPC specimens during the process, especially to
the peak stress in the stress-strain curves [69]. The short plastic region
after elastic stage can be explained by the initiation and propagation of
micro-cracks. Due to strain rate effect, the specimens had higher dy-
namic compressive strength but unstable post-peak failure (fluctuating
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Fig. 19. Failure patterns of different specimens at various strain rates.

Fig. 20. Internal cracks of U-HPC at a strain rate of around 50 s~ *.

stage), different from the pre-peak response [74]. During the fluctuating
stage, the declining segment denoted the internal large cracks, localised
damage, fragmentation and granular flow in the specimens [75]. The
inclining segment may be ascribed to the tighter contact between the
aggregates and the rising internal pressure induced by lateral confine-
ment during dynamic loading [76], as a result of which part microcracks
closed tightly, leading to a rebound in the localised strength and increase
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in stress. Meanwhile, for lattice reinforced HPC, the active confinement
effect also led to multiaxial compression of concrete, along with a
rebound in stress.

A summary of dynamic compressive properties of all HPC specimens
under various strain rates is given in Table 3, indicating a rise of dy-
namic compressive strength of all HPC specimens with the increase of
strain rates. Compared to static compressive strength, the dynamic
compressive strength of P-HPC, U-HPC, G1-HPC and G2-HPC was
respectively about 86.3-154.3 %, 49.1-147.1 %, 57.7-160.5 %, and
44.6-218.3 % higher, ascribed to the rapid increase of the external en-
ergy under impact when the strain rates went up, which resulted in the
formation and growth of micro-cracks. However, the short impact
loading duration prevented the existing micro-cracks from propagating
and thereby causing the specimens failure, with the formation of a large
number of new micro-cracks [68]. The increased strain energy in the
specimens could be mainly dissipated by the formation of cracks, lead-
ing to higher dynamic compressive strength [3,71]. Owing to the Stefan
effect, the free water inside the concrete could hold resistance to
compression, which tended to rise with the increase of strain rates [51].
The strength enhancement of HPC can also be attributed to the inertia
effects under dynamic compression [77,78]. Concrete specimens had
not enough time to adapt to the impact due to the short loading dura-
tion. The inertial force tended to resist the lateral deformation induced
by impact loading and HPC specimens were in a triaxial compressive
stress state, thereby enhancing the dynamic strength [79]. The lateral
confinement resulted from the interface of specimens and restriction of
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Fig. 21. Effect of strain rate on dynamic compressive stress-strain curves of (a) P-HPC, (b) U-HPC, (c) G1-HPC, and (d) G2-HPC.

Table 3

Summary of dynamic properties of all specimens obtained from SHPB test.

Symbol Strain rate (s™1) Dynamic compressive strength (MPa) DIF Ultimate strain ( x 107%) Total energy (J)
P-HPC 30.4 111.6 + 4.8 1.86 + 0.080 9.44 +2.18 130.3+7.6
45.2 121.4 + 7.6 2.03 £ 0.127 12.04 +1.43 328.9+9.8
73.6 1423 +80.3 2.38 £ 0.139 24.33 £ 2.15 708.4 + 36.8
95.3 152.3 +10.1 2.54 + 0.168 30.69 + 2.66 784.0 + 60.9
U-HPC 25.1 89.6 £ 6.5 1.49 £ 0.108 9.70 £ 1.72 148.2 + 3.4
46 106.9 + 3.8 1.78 £ 0.063 14.60 + 1.80 213.6 £ 20.5
68 1371+ 7.1 2.28 £0.118 20.66 + 1.51 510.3 + 21.9
106 148.5 +13.8 2.47 +0.212 30.37 + 2.49 1017.3 + 58.0
G1-HPC 28.0 100.3 £ 9.2 1.58 £ 0.145 10.02 + 0.89 129.5 +11.1
54.6 117.2 + 4.6 1.84 + 0.072 17.58 + 2.07 478.4 + 32.5
73.2 147.6 + 8.0 2.31 £0.125 21.27 £1.13 659.6 + 44.6
95.2 165.7 + 12.9 2.61 £ 0.203 31.97 £ 2.93 1072.4 + 95.4
G2-HPC 28.7 90.1 +£10.5 1.45 £ 0.169 12.74 + 1.17 231.8 +£13.1
56.4 144.8 + 5.9 2.32 £ 0.095 17.48 + 1.30 470.3 £19.3
73.3 177.8 £ 11.1 2.85 +0.178 23.06 + 1.48 709.8 + 36.2
105.9 198.3 + 14.2 3.18 £ 0.228 32.37 £ 2.85 1209.4 +93.1

impact surfaces also contributed to the strength improvement under
high strain rates [68].

Fig. 22 illustrates the effect of 3D re-entrant lattice reinforcement on
dynamic compressive strength at similar strain rates. At a strain rate of
around 28.1 s™%, the dynamic strength of P-HPC was 111.6 MPa, which
was 11.3-24.6 % higher than that of lattice reinforced HPC. However,
with the increase of strain rate from around 28.1 s™! to 72.0 s}, lattice
reinforced HPC exhibited a much higher enhancement of dynamic
strength than P-HPC. Multiple macro-cracks were rapidly formed in P-
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HPC, leading to the ultimate failure. In comparison, the augment
confinement of 3D re-entrant lattices became stronger under high-speed
impact. The unit cells of 3D re-entrant lattices contracted inward under
dynamic compression to achieve a tri-axial compression state of con-
crete inside, which resisted the initiation and propagation of cracks
[12]. Meanwhile, the re-entrant lattices converged towards the impact
region and induced intense densification in impact area, enhancing the
impact resistance and energy absorption capacity of the composites [8].
The augment reinforcement effects balanced the significant strength
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Fig. 22. Effect of 3D re-entrant lattice reinforcement on dynamic compressive
strength of HPC at various strain rates.

difference between lattice and HPC with the increase of strain rate.
Moreover, the strength of graded lattice reinforced HPC increased
rapidly, surpassing both U-HPC and P-HPC (above around 50.6 s~! in
this study). G2-HPC had the highest dynamic compressive strength of
198.3 MPa at a strain rate of about 100.6 s 1, followed by G1-HPC
(165.7 MPa), P-HPC (152.3 MPa) and U-HPC (148.5 MPa). By intro-
ducing the heterogeneous structures to HPC, the spreading velocity,
peak stress and peak strain energy could be reduced, while the impact
time could be increased [80]. Meanwhile, the high-strength regions of
graded lattice reinforced HPC specimens tended to provide a higher
dynamic compressive resistance to delay the crack growth. G2-HPC had
better dynamic compressive properties than G1-HPC. The impact resis-
tance of the region reinforced by thicker re-entrant struts can be
improved owing to the enhanced reinforcing effects of auxetic lattices
[17]. The stress wave propagation path of G2-HPC was optimised as
compared with G1-HPC. In the initial stage of G2-HPC under high strain
rate, it could take three to four cycles for the stress wave to propagate
within the specimen to reach a state of stress equilibrium [81]. During
this process, the stress wave first encountered the regions with stronger
strength and confinement, which effectively mitigated the impact en-
ergy, alleviated stress concentrations in subsequent relatively weaker
regions, and consequently prevented premature failure [82]. The wave
speed increased accordingly as the stress wave firstly propagated
through the higher-strength region [83], leading to the more evenly
distributed energy and the alleviation of stress concentration. The
presence of graded layers delayed the concentration of wave energy,
which could progressively transmit and disperse across the layers,
thereby extending the formation process of the peak energy.

Fig. 23 shows the ultimate strain of all HPC specimens, indicating the
deform capacity until final failure [84]. The ultimate strains were
improved from around 1 %-3 % with the increasing strain rate for all
specimens. The ultimate strain of lattice reinforced HPC was similar to
that of P-HPC, suggesting that the PA12 based 3D re-entrant lattices had
an insignificant effect on ductility of HPC under impact.

3.3.3. Dynamic increase factor (DIF)

Herein, dynamic increase factor (DIF) was adopted to evaluate the
strain rate dependence of HPC specimens, which was defined as the ratio
of the dynamic and corresponding quasi-static compressive strength
[85]. Table 3 lists the results of DIF of all HPC specimens at various
strain rates. All DIF values were higher than 1 at the strain rates ranging
from 28.1 s! to 100.6 s~!, implying that the dynamic compressive
strength of plain HPC and lattice reinforced HPC was improved against
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Fig. 23. Effect of 3D re-entrant lattice reinforcement on ultimate strain of HPC
at various strain rates.

the static compressive strength, consistent with the findings on dynamic
properties of high-strength concrete [86]. As mentioned above, the in-
crease in dynamic compressive strength of HPC specimens can be
ascribed to energy balance theory, inertia effect and lateral confinement.
As seen in Fig. 24, all HPC specimens had a DIF of around 1.6 at a strain
rate of around 28.1 s~! and DIF increased with strain rates. Among all
specimens, G2-HPC had the fastest rise in DIF. When the strain rate
reached around 100.6 s~ !, DIF of G2-HPC was 25.2 %, 28.7 % and 22.3
% higher than that of P-HPC, U-HPC and G1-HPC, respectively, sug-
gesting that the optimisation in geometrical configuration of re-entrant
lattices can result in an improvement in reinforcement effect.

DIF of concrete was usually expressed as a semi-logarithmic function
of strain rate [87,88]. As shown in Fig. 25, the linear fitted functions
between DIF and logarithmic strain rate were derived. The fitted straight
line of G2-HPC had a much higher slope, implying the great effect of
suitable functionally gradient design of lattice on dynamic compressive
strength of HPC at various strain rates. Table 4 summarises the linearly
fitted DIF equations and correlation coefficients (R?) for different
specimens. R? values of the linear fitting curves were found to be
0.908-0.988, indicating a good fitting of the semi-logarithmic rela-
tionship between DIF and strain rate using experimental data [48].

—s—P-HPC
351 —e—U-HPC
—+—GI1-HPC
—v—G2-HPC
3.0
= 2.5+
=}
2.0 H
1.5
1.0 T T T T T T : T
20 40 60 80 100 120

Strain rate (s")

Fig. 24. Relationship between DIF and strain rate for all specimens.
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Fig. 25. Fitted linear curves of DIF against logarithm of strain rate.

Table 4
Summary of the linear fitting equations of DIF for different specimens.

Sample Fitted equation of DIF Correlation coefficient (R?)
P-HPC DIF = 1.4032 logé-0.2479 0.988
U-HPC DIF = 1.6605 logé-0.8673 0.957
G1-HPC DIF = 1.9281 logé-1.3010 0.908
G2-HPC DIF = 3.1361 logé-3.0884 0.990

3.3.4. Dissipated energy

The energy absorption capacity of HPC specimens at various strain
rates was commonly regarded as an indicator of toughness [75,89]. The
energy difference between the incident wave, reflected wave and
transmitted wave tended to be the energy dissipated by the deformation
of the specimen. Hence, the fracture energy and total energy of HPC
specimens under SHPB tests can be expressed as [90]:

W(t) = Wi(t) — Wr(t) — Wr(t) (€)]
where W(t) denotes the energy dissipated by the specimen, and Wi (t),
Wr(t) and Wr(t) represent the energy of incident wave, reflected wave
and transmitted waves, respectively.

Based on the elasticity of the bars, the elastic strain energy of inci-
dent, reflected and transmitted waves in the bars can be obtained as
[91]:

(10

En ot
W) = V / ode = EoCoAo / e (H)dt
0 0

where n = I, R, T denotes the incident wave, reflected wave and trans-
mitted wave, respectively, V is the deformation volume of each bar, and
Ep, Cp and Ag represent the Young’s modulus, elastic wave speed and
cross-sectional area of the bars, respectively.

Fig. 26 presents the dissipated energy of HPC at various strain rates,
indicating that the total energy of all HPC specimens was improved with
the increase of strain rate. As the strain rate went up from around 28.1
s™! to 100.6 s71, the dissipated energy of P-HPC, U-HPC, G1-HPC and
G2-HPC was increased by 501.7 %, 586.4 %, 728.1 % and 421.7 %,
respectively. The energy dissipation of normal concrete under impact
mainly included the initiation of micro-cracks and macro-cracks and the
propagation of cracks [48]. The increase of strain rates declined with the
impact loading time, which reduced the propagation of cracks but pro-
moted the formation of new cracks. Typically, the energy required to
generate micro-cracks was greater than that for the existing cracks to
propagate [68]. Hence, HPC specimens could dissipate more energy
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Fig. 26. Dynamic energy absorption capacity of HPC at various strain rates.

with the increasing strain rates. At low strain rates, lattice reinforced
HPC had a similar energy absorption to P-HPC. However, when the
strain rate reached around 100.6 s’l, U-HPC, G1-HPC and G2-HPC had a
respectively 29.8 %, 36.8 % and 54.3 % higher dissipated energy than
P-HPC. As seen in Fig. 24, the strain before rapid decline region of P-HPC
was much lower than that of lattice reinforced HPC specimens, implying
that the brittleness of plain HPC can be improved through the incor-
poration of 3D re-entrant structures. The initiation and propagation of
cracks can be delayed due to the tri-axial compression status of HPC at
high strain rates [16]. The re-entrant structures could also converge
towards the impact region, resulting in an enhanced impact resistance
[8]. Moreover, the mutual constraints between HPC and lattice rein-
forcement also reduced the local deformation and the stress concen-
tration of lattices [25], leading to a higher energy absorption through
the bending and fracture of struts at high strain rates. The dissipated
energy of G1-HPC and G2-HPC was —12.6-124.0 % and 18.9-120.2 %
respectively higher than that of U-HPC with the strain rates ranging from
28.1 57! to 100.6 1. The graded latticed reinforced HPC had different
elastic modulus and strength at different regions due to the gradient
design of lattices. Hence, plastic deformation as well as formation and
growth of micro-cracks could occur at different periods with the prop-
agation of stress wave, which led to a more gradual and smooth dissi-
pation of energy, and thereby improving the overall energy absorption
capacity.

4. Conclusions

In this study, the static and dynamic behaviour of 3D re-entrant
lattice reinforced high-performance concrete including uniform lattice
reinforced HPC (U-HPC), positively graded lattice reinforced HPC (G1-
HPC), negatively graded lattice reinforced HPC (G2-HPC) and plain HPC
(P-HPC) was systematically investigated. Based on the obtained exper-
imental results, the main conclusions can be drawn as follows:

o Static compressive strength of HPC specimens was slightly improved
due to re-entrant lattice reinforcement. The lattice reinforced HPC
exhibited superior energy absorption capacity, indicating a great
potential for protective structures. The static compressive strength of
P-HPC was 59.9 MPa, 0.3 %, 5.8 % and 3.9 % lower than U-HPC, G1-
HPC and G2-HPC, respectively. The plastic dissipated energy of P-
HPC was 346.5 J, which was 57.0 %, 54.6 % and 58.7 % lower than
that of U-HPC, G1-HPC and G2-HPC, respectively.

Compared to U structure, FG1 and FG2 had a relatively lower elastic
modulus, yield stress and first peak stress, but 26.7 % and 19.2 %
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higher energy absorption. U, FG1 and FG2 structures all exhibited
significant NPR effects during static compressive process. FG1 and
FG2 had more significant NPR effects in the layers with thinner
struts.

The incorporation of re-entrant lattice improved the dynamic
compressive strength of HPC with the increase of strain rate from
around 28.1 s7! to 72.0 s7!. G2-HPC had the highest dynamic
compressive strength of 198.3 MPa at a strain rate of approximately
100.6 s~ %, followed by G1-HPC (165.7 MPa), P-HPC (152.3 MPa) and
U-HPC (148.5 MPa).

The total energy of all HPC specimens went up with the increase of
strain rate. Although at low strain rates, lattice reinforced HPC had a
similar energy absorption to P-HPC, U-HPC, G1-HPC and G2-HPC
had a 29.8 %, 36.8 % and 54.3 % respectively higher dissipated
energy than P-HPC when the strain rates reached around 100.6 s~*.
The gradient design of lattice reinforcement could lead to a more
gradual and smooth dissipation of energy and thereby improving the
overall energy absorption capacity.

The functionally graded 3D re-entrant lattice reinforced cementi-
tious composites exhibit excellent mechanical performance under
various impact scenarios and thus have broad potential applications. For
future work, the effects of different factors including gradient magni-
tude, gradient direction, and strain rate conditions on compressive
behaviour of 3D re-entrant lattice reinforced cementitious composites
will be systematically investigated through an integrated experimental,
theoretical and numerical programme to optimise and tailor the design
of auxetic lattice reinforced cementitious composites with desirable
performance for practical engineering applications. This is the subject of
ongoing research and will be presented in future publications.
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