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Abstract: This paper presents a systematic experimental study on static and dynamic compressive
behaviour of 3D octet, re-entrant honeycomb and triangular lattice reinforced ultra-high performance
concrete, i.e., O-UHPC, H-UHPC and T-UHPC as well as steel fibre reinforced UHPC (S-UHPC).
Mechanical tests were conducted to investigate the static and dynamic compressive behaviour of
UHPC composites including failure pattern, stress-strain curve, dynamic increase factor (DIF),
dynamic compressive strain and energy dissipation under various strain rates (i.e., 0, 34.8, 59.7, 86.7,
108.5 and 134.7 s1). The plain UHPC and S-UHPC were used as references for comparison. Results
indicate that H-UHPC has a 14.6-19.4% higher static compressive strength than O-UHPC and T-
UHPC. S-UHPC exhibits higher dynamic compressive strength at lower strain rates, while the
dynamic strengths of H-UHPC and T-UHPC at higher strain rates reach the highest, i.e., 262.7 MPa
and 222.2 MPa, respectively. The highest total energy and post-crack energy at high strain rates take
place on H-UHPC. Overall, H-UHPC has comparable static compressive behaviour but better
dynamic compressive behaviour at high strain rates in terms of strength, ductility, energy dissipation
and DIF, compared with other UHPC specimens, suggesting that re-entrant honeycomb is a better
choice for manufacturing UHPC with optimal auxetic 3D lattices.
Keywords: Ultra-high performance concrete; Metamaterials; Auxetic lattice; 3D printing; Dynamic
properties; Split Hopkinson pressure bar
1. Introduction
Auxetics are innovative and advanced mechanical structural materials with negative Poisson's ratio
(NPR), which shrink horizontally when subjected to uniaxial compression and expand horizontally
under tension. Compared with conventional materials, auxetic materials, also called metamaterials,
exhibit higher shear modulus [1, 2], excellent indentation resistance [3-5], energy absorption capacity
[6-9] , fracture toughness [10], viscoelastic properties [11], synclastic properties [12], variable
permeability [13], and resistance to pull-out and delamination, which have been increasingly used for

different applications such as medical collapsible brackets [14, 15], energy-absorbing protective
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devices [16-20], industrial fasteners [21], smart sensors [22, 23], textile industry [24, 25], adjustable
resistance tape for seismic waves [26, 27]. Based on microscopic structural geometry and
corresponding deformation mechanisms, auxetic structures can be classified into re-entrant structures
[28-31], rotating unit structures [32-35], chiral structures [36-38], perforated sheets structures [39],
nodule fibril structures [40-42], buckling induced structures [43, 44] and hybrid structures [45-47].
As one of the most common auxetic structure, re-entrant structures formed by truss presents bi-
directional NPR, high porosity and superior mechanical properties with optimised geometry [48, 49].

Generally, the auxeticity of most auxetic structures is derived from the deformation of lattice
structures with high porosity that provides a prospect of incorporating filler materials into auxetic
lattice [50]. A growing number of studies focus on the mechanical properties of auxetic lattice
reinforced composites, among which the auxetic lattice acts as reinforcement while the filler phase is
matrix. The investigation on static compressive behaviour of auxetic Warmuth and Hexaround lattice
reinforced composites indicates that filling VeroWhite and TangoBlack+ results in higher stress,
delayed densification and up to 316% and 40% rise in elastic modulus for Warmuth and Hexaround
composite, respectively [51]. It was also reported that the typical chiral lattice reinforced composites
filled with foam exhibit higher stiffness and 106.6% higher specific energy absorption compared to
the equivalent void lattice [52]. Under dynamic compression, around 40-70% higher plateau stress
can be found for 3D re-entrant, 2D re-entrant and 2D missing rib lattice reinforced composites against
equivalent lattice [53]. The composites could bear multi-axial compression due to the NPR effects of
auxetic frame in compression, bringing a synergistic effect between the filler and auxetic
reinforcement [16, 52]. The transverse deformation of fillers is restricted by auxetic lattice, while the
friction between lattice and matrix enhances the difficulty of struts sliding [54, 55]. However, as a
trade-off between NPR effects and stiffness, auxetic lattice reinforced composites tend to have a
weaker auxeticity relative to the correspondent lattice [50, 56]. The geometry of auxetic lattice holds
a significant influence on the overall mechanical behaviour of the composites. Re-entrant lattice
reinforced composite filled with soft material exhibits nearly four times higher elastic modulus and
three times higher energy absorption than the equivalent chiral and two non-auxetic composites [16].
It was found that the average plateau stress of 2D re-entrant reinforced composites filled with strain
rate sensitive material under quasi-static compression was 79-85 MPa that was about 155% and 182%
respectively higher than that of the equivalent 3D re-entrant and 2D missing rib composite. The
dynamic average plateau stress of 2D re-entrant, 3D re-entrant and 2D missing rib lattice reinforced
composites also was in the range of 121-123 MPa, 56-72 MPa and 52-57 MPa, respectively,
presenting similar trends, while 2D re-entrant lattice has much better mechanical response during
compression [53]. In recent years, apart from typical uniform auxetic lattice reinforced composites,

the graded auxetic lattice reinforced composites were also explored, the specific energy absorption of

2



which at up to 60% and 80% deformation was found to be around 61.2% and 65.2% lower than that
of the corresponding uniform chiral lattice reinforced composite [57].

The filling materials play an important role in the overall mechanical properties of auxetic lattice
reinforced composites [50]. Most of existing studies adopted foam and rubber materials as fillers to
achieve better compressive performance [5, 16, 51, 58], while the mechanical behaviour of auxetic
lattice filled with cementitious materials is rarely explored. The experimental study on quasi-static
compressive behaviour of aluminium based uniform and layered re-entrant lattice filled with normal
concrete indicated that although both composites show X-shape shear failure pattern under
compression, the layered configuration enhances the shear resistance, overall stability and specific
energy absorption of the composite [59]. Another research on the mechanical properties of 2D typical
re-entrant lattice filled with foam concrete under quasi-static and low-velocity compression found
that the effective reinforcement of re-entrant lattice avoids premature failures, while the closer
interaction between lattice and foam concrete further brings better energy absorption capacity and
efficiency in the re-entrant lattice reinforced foam concrete [60]. The strength and relative stiffness
of foam concrete and the re-entrant lattice determine the deformation modes, while the failure patterns
of the composites under quasi-static compression change gradually from compressive failure to shear
failure with the increase of density of foam concrete. The NPR effect of the re-entrant lattice
reinforced foam concrete reduces obviously with the rise in density of foam concrete under
compression. Similarly, steel 3D re-entrant lattice reinforced mortar was proposed by Tzortzinis et al.
[61]. The periodicity in 3D of re-entrant lattice averts weak link failure of the composite compared
with conventional confinement and the transverse in deformation behaviour and loading condition of
struts derived from auxeticity gradually enhance the confinement ability of the lattice [62]. The
auxetic lattice reinforced mortar exhibits a 140% higher compressive strength and more ductile post-
peak behaviour compared to conventional confinement. Different from the aforementioned ordinary
cementitious filling materials, ultra-high performance concrete (UHPC) normally made up of
Portland cement, supplementary cementitious materials such as fly ash, ground granular blast-furnace
slag and silica fume, superplasticiser, and fine aggregates at optimal proportions can achieve superior
strength, elastic modulus and other engineering properties as the porosity and other internal defects
can be reduced, while the compactness can be significantly improved [60, 63]. UHPC can achieve an
even higher ductility and resilience by incorporating steel fibres, whereas leading to a considerable
initial cost of UHPC and the disordered fibre distribution could reduce its engineering properties [64].
Similar as steel fibre reinforcement, the incorporation of auxetic lattice reinforcement into a matrix
with high stiffness (like UHPC) can help withstand its tensile loading [56] and thus improve its
toughness and ductility [65]. A systematic study on the static and dynamic compressive behaviour of

auxetic lattice reinforced UHPC is still lacking to date.
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The main purpose of this paper is to study the effect of auxetic lattice on mechanical performance
of UHPC through a systematic investigation on the static and dynamic compressive behaviour of
three types of 3D printed auxetic lattice reinforced UHPC with an almost same volume fraction of
14.1%. First, octet reinforced UHPC (O-UHPC), re-entrant honeycomb reinforced UHPC (H-UHPC)
and re-entrant triangular reinforced UHPC (T-UHPC) were designed and prepared, respectively. For
comparison, the plain UHPC (P-UHPC) and steel fibre reinforced UHPC (S-UHPC) were used as the
reference composites. Afterwards, a series of static and dynamic compressive tests were conducted
on the auxetic lattice reinforced composites at various impact strain rates (i.e., 0, 34.8, 59.7, 86.7,
108.5 and 134.7 s!). Based on the obtained experimental results, the effects of different types of
auxetic reinforcement and strain rates on the dynamic compressive behaviour of UHPC were explored
and the underlying mechanisms were discussed in detail.

2. Experimental program

2.1 Materials

2.1.1 Polylactic acid (PLA) lattice

Polylactic acid (PLA), one of the most widely used polymeric filament material for 3D printing, was
adopted to produce auxetic lattices. Compared to acrylonitrile butadiene styrene (ABS) that is another
most used 3D printing material, no additional support is required for PLA during the printing process
of octet lattice [65, 66]. Thus, PLA is more suitable for manufacturing auxetic lattice reinforcement
for concrete. The physical and mechanical properties of PLA polymeric filaments including density,
elastic modulus, tensile strength and percentage of breaking elongation are shown in Table 1.

Table 1 Properties of PLA polymeric filaments used for auxetic lattices.

Density Elastic modulus Tensile strength Percentage of breaking elongation
(g/cm®) (GPa) (MPa) (%)
1.25 3 60 3

2.1.2 Ultra-high performance concrete (UHPC) filler
Table 2 presents the mix proportion of UHPC as filler employed in this study, where the main binder
was Portland cement (P.O 52.5) with density of 3000 kg/m?®. Silica fume with an average particle size
of 0.1-0.15 pm and specific surface area of 15-27 m?/g was used as the active powder to improve the
pore structure and mechanical properties of UHPC. High-quality silica sand with a maximum particle
size smaller than 450 um was adopted as fine aggregate. To enhance the flowability of fresh mixtures,
polycarboxylate-based superplasticisers (SPs) with a fixed content of 0.5% by mass of the total binder
were added during the mixing process for all UHPC specimens [67].

For comparison, steel fibre reinforced UHPC (S-UHPC) was fabricated as the reference
composite, where the copper-plated steel fibres with an average length of 13 mm and diameter of 0.2
mm were added at a volume fraction of 2% according to a previous study [68] that such steel fibre

content can result in the desirable strength and toughness of UHPC. The density and tensile strength
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of steel fibre were 7800kg/m?® and 2000 MPa, respectively.

Table 2 Mix proportion of ultra-high performance concrete (UHPC) filler (kg/m?).
Cement Silica fume Silica sand Water Superplasticizers
788 200 1100 182 21

2.2 Specimen preparation

2.2.1 Auxetic lattice structures

Solidworks software was employed to develop unit cells and 3D models of lattice structures. Three
configurations of lattice were designed as reinforcement for UHPC: octet structure, re-entrant
honeycomb structure and re-entrant triangular structure, the specific unit structures and 3D models
of which are illustrated in Table 3. The volume fraction of lattice reinforcement in UHPC was kept
as around 14.1% for them by tailoring the diameter and thickness of lattice struts.

The octet structure (66.62 x66.62 %66.62 mm?) comprised of 4 x4 x4 unit cells. The diameter
and length of struts were 1.52 mm and 11.78 mm, respectively, while the distance between the
adjacent convex vertices was 16.66 mm. Differently, the total dimension of re-entrant honeycomb
structure was 69.69 x69.69 x68.68 mm?, consisting of 4 x4 %3 unit cells. The unit cell with vertical
strut length of 21.30 mm, inclined strut length of 11.87 mm, re-entrant angle of 45< and square strut
thickness of 2.57 mm was proposed. The re-entrant triangular lattice was designed, with total
dimension of 67.88 %67.88 x67.92 mm?3 and unit cell numbers of 3 x3 x6. The edge length of all
corner vertex was set the same as the thickness of strut, i.e., 3.11 mm. The re-entrant angles were 15°
and 45< respectively, while the unit height was 11.31 mm.

The three lattice structures were manufactured by FDM technology using the JGmaker A5S
printer (Shenzhen JG Aurora Technology Co., Ltd, China). Table 4 gives the printing parameters. As
displayed in Table 3, there is no support on the lower side of re-entrant vertex in the two re-entrant
auxetic structures, indicating that it is hard to print the whole lattice structure via FDM directly.
Although the difficulty can be solved by incorporating dissolvable supporting materials inside the
auxetic structures, the manufacturing cost would be significantly increased. Hence, the interlocking
splicing method was used in this study [69], as shown in Fig. 1. The flat components were designed
for re-entrant honeycomb and triangular structures and then easily fabricated by conventional
fabrication methods including stamping, cutting, casting and FDM. The printed identical components
were placed equidistantly in parallel, while different components were orthogonally spliced. The
grooves and protrusions were mortised together and reinforced with cyanoacrylate glue to finally

form 3D lattices.



Table 3 2D and 3D unit and monolithic structures for three types of lattices (mm).

Octet Re-entrant honeycomb Re-entrant triangular
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Table 4 Printing parameters for manufacturing auxetic lattices.

Nozzle diameter (mm)  Layer height (mm) Filling density (%) Printing speed (mm/s)
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Fig. 1. Flat components, final lattices and assembly methods of (a) re-entrant honeycomb, and (b)
re-entrant triangular.
2.2.2 Steel fibre reinforced UHPC (S-UHPC)
Regarding the mixing process of S-UHPC, dry materials including silica sand, silica fume and cement
were first dry mixed for 2 min. SPs was then gradually added and mixed thoroughly, followed by the
incorporation and uniform distribution of steel fibres for 3 min. Afterwards, water was slowly added
and mixed at high-speed for another 2.5 min until the mixture reached the maximum flowability. The

fresh mixture was then immediately cast into cube moulds (70.7 x 70.7 x 70.7 mm?®) and vibrated on

a vibration table. Finally, all mixtures were cured for 24 h and then de-moulded and stored in a
standard curing room (20 £ 2 °C and 95% RH) for another 27 d. To prevent errors caused by the
specimens not being clamped during the test, the end faces of the cubic specimens should be grinded
flat until the non-parallel error between both faces did not exceed 0.1 mm, and the deviation between
the end faces and the axis did not exceed 0.25< The slump test indicated that the slump values of P-
UHPC and S-UHPC were 263.5 +5.4 mm and 228.8 +4.8 mm, respectively.

2.2.3 Auxetic lattice reinforced UHPC

In this study, auxetic lattice reinforced UHPC consists of three categories: octet reinforced UHPC,
re-entrant honeycomb reinforced UHPC, and re-entrant triangular reinforced UHPC. A schematic
illustration of lattice reinforced UHPC specimen preparation is given in Fig. 2. During the casting

process, the fresh UHPC mixture was poured into the cube moulds (70.7 x 70.7 x 70.7 mm?®) with a

lattice inside. As shown in Fig. 2, four small plastic pads with size of 3 <3 <0.8 mm?® were placed
under the lattice corners to form a protective layer. The injection of concrete for auxetic lattice
reinforced UHPC was smoother and more uniform than that for octet reinforced UHPC, which can
be ascribed to the longitudinal through geometry of auxetic lattices. The potential internal defects can
be significantly reduced, thus improving the overall workability of concrete. The lattice was subjected
to a 1 kg additional weight through the air hole of the mould during curing to prevent floating.

For data reliability, three repetitions were set for five specimens of static compressive test. Five
reasonable strain rates were employed for five specimens of dynamic compressive test, and three sets

of tests were repeated for each strain rate. The number of specimens tested is summarised in Table 5.
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Fig. 2. Schematic illustration of lattice reinforced UHPC specimen preparation.

Table 5 Number of specimens for static and dynamic compressive tests.

Target strain rates in dynamic test (s™)

Symbol Static test

35 60 85 110 135
P-UHPC 3 3 3 3 3 3
S-UHPC 3 3 3 3 3 3
O-UHPC 3 3 3 3 3 3
H-UHPC 3 3 3 3 3 3
T-UHPC 3 3 3 3 3 3

2.3 Test methods

2.3.1 Static compressive test

The static compressive test was performed by a microcomputer-controlled electro-hydraulic servo
universal testing machine (1000 kN) with force gauges of 10® kN accuracy. The loading rate was set
as 0.6 MPa/s. The front side of the cubic specimens was sprayed with white pigments to facilitate the
observation of crack development. During the compressive process, the cubic specimens was placed
to aligned with the centre of pressure plate of the testing machine. Two linear variable displacement
transducers (LVDTSs) with accuracy of 10> mm were placed between the upper and lower platforms
on the left and right sides of platforms. The average value was taken as the displacement value. A
digital camera was placed in the front to record the displacement and damage patterns of the
specimens under loading.

2.3.2 Dynamic compressive test

The dynamic compressive test was conducted using SHPB [70, 71], according to a previous study
[64]. As illustrated in Fig. 3, the main components consist of a 600 mm striker bar, a 5000 mm
incident bar, a 3500 mm transmission bar and a 1200 mm absorbing bar, which were manufactured

from high-strength alloy steel. The subsidiary components contain a launching device, a velocity
8



detecting device, a strain collecting device and an absorber. By adjusting the gas pressure in the
nitrogen cylinder and the depth of the striker bar, the impact load was imposed on the specimens at
six various velocities of around 4.6, 5.9, 7.8, 8.5 and 11.1 m/s, corresponding to strain rates of around
34.8,59.7, 86.7, 108.5 and 134.7 s%, respectively. Three sets of tests were repeated for each velocity.
The strain rates of the same specimens show a linear positive correlation with the impact velocities.
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Fig. 3. Splitting Hopkinson pressure bar (SHPB) testing system.

The experimental procedure and principle were the same as that given in a previous study [72].
To guarantee the accuracy of test results, the pulse shaping technique was adopted, which not only
attenuated the wave shock to minimise the dispersion and inertia effect in the test [73], but also
prolonged the rising time of the incident pulse to ensure the stress equilibrium inside the test specimen
[70]. Hence, a rubber pulse shaper of 50 mm in diameter and 2 mm in height was adopted. The smooth
sloping waveform using the pulse shaper was displayed in Fig. 4. It is clearly indicated that the
combination of the incident wave and reflected waves was approximately equal to the transmitted
wave, meaning that a stress balance was achieved.

There are two main assumptions in the theory of elastic stress wave propagation [74]: (1) one-
dimensional elasticity wave in the bars; and (2) uniaxial uniform stress and strain in the specimens.

The test data were processed using the three-wave method. Stress o(t) , strain &(t) and strain rate

¢5(t) were calculated as follows:

ss<t>=c—: '[e.0)- 2, () - &, ()t &

where E is the elastic modulus of the bars (MPa), Ao represents the cross-sectional area of the bars
(mm?), As denotes the cross-sectional area of the specimen (mm?), Co is the longitudinal velocity of

the wave (m/s), and Is stands for the initial thickness of the specimen (mm).



Fig. 5 demonstrates an example of how the final curve for each specimen was derived. Generally,
the curves used for the result analysis were obtained by averaging three curves at similar strain rates,
while the average strain rate was regarded as the strain rate. Given the brittle and inhomogeneous
properties of UHPC and low failure strain at high velocity impact [75, 76], the strain rate would be
different for same specimens under the incident velocity. The aforementioned pulse shaping
technique could be used to ensure a stress equilibrium for each specimen and a nearly constant strain

rate [74-76], which ensures the reliability of the test results.
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Fig. 5. An example of obtaining dynamic compressive stress-strain curves.
3 Results and discussion
3.1 Static compressive behaviour
3.1.1 Failure patterns
As seen in Fig. 6, UHPC reinforced with different lattices exhibited different failure patterns in
compression. The cracks of P-UHPC first generated longitudinally as the load reached 608.0 kN (95.7%
Pu). Then, multiple wide longitudinal cracks rapidly appeared and developed, followed by the whole
UHPC specimen breaking into fractured pieces. In comparison, the initial crack of S-UHPC was
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formed at 699.4 kN (89.7% Py), which grew as the load increased while the steel fibres tightly bonded
to concrete matrix (Fig. 6f). The bridging action of steel fibre across the cracks could effectively delay
the generation and reduce the development of micro- and macro-cracks [77, 78]. Afterwards, the
inclined and smaller cracks formed and gradually penetrated the specimen. Finally, the S-UPHC

specimen failed at the load of 779.8 kN, which is greater than that of P-UHPC.
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Fig. 6. Cracking process of specimens under uniaxial compression.
Similar as P-UHPC, the long longitudinal crack of O-UHPC initiated at 476.8 KN (82.8% Py), as
shown in Fig. 6]. After that, more cracks can be observed and bifurcate along the diagonal struts of

octet structures as the PLA lattice first deformed due to low elastic modulus, followed by debonding
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concrete from lattice structure along the bi-diagonal direction. In addition, plain concrete was prone
to developing diagonal cracks as bearing compression because the end face of the concrete was
subjected to friction under compression [79]. For H-UHPC (Fig. 6m-p), the crack initiation took place
near the border of the specimen as the load reached 609.4 kN (88.6% Py), followed by the appearance
of multiple longitudinal cracks and crack propagation. The specimen failure happened at the loading
of 687.8 kN. Compared to H-UHPC, less cracks can be observed on T-UHPC with relatively smaller
crack width. The cracks were mainly concentrated on the connection location of triangular unit cells,
implying the weakest reinforcement in T-UHPC. In comparison with O-UHPC, H-UHPC and T-
UHPC had higher crack resistance. This is because the NPR effect of the re-entrant lattice
reinforcement led to a biaxial compression of concrete filler during the compressive process,
hindering the development of micro-cracks [52]. As observed, the cracks of all specimens first
initiated longitudinally at the border of the specimens, regardless of reinforcement type.

3.1.2 Stress-strain curves

Fig. 7 shows the static compressive stress-strain curves of all specimens. Apart from P-UHPC
specimens that exhibited brittle failure as the strain reached about 0.3%, the stress-strain curves of all
other reinforced UHPC specimens followed a similar trend with a rapid rise to the peak stress,
followed by a gentle downward until the final failure. S-UHPC had an obviously prolonged strain-
softening stage because of the steel fibre bridging effect that delayed the crack development [64].
Similarly, for lattice reinforced UHPC, the uniform tessellated lattice possessed superior ability on
controlling the crack initiation and propagation. The strain at the peak stress of S-UHPC was smallest
(i.e., 0.45%), followed by that of T-UHPC, H-UHPC and O-UHPC which were 0.72%, 0.81% and
0.92%, respectively. Compared with S-UHPC, lattice reinforced UHPC showed larger strain at peak
stress and relatively more smooth curves, suggesting that PLA lattice reinforcement can delay the
coalition of microcracks to generate and enlarger zone damage [80]. H-UHPC presented better stress-
strain behaviour compared to T-UHPC, consistent with previous studies [16, 53] that re-entrant
honeycomb reinforced composites usually have better compressive performance than other lattice

reinforced composites.
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Fig. 7. Static compressive stress-strain curves of all specimens.

3.1.3 Compressive strength
Fig. 8 illustrates the static compressive strength of all specimens. S-UHPC had the highest
compressive strength of 156.0 MPa, which was 13.4%, 22.7%, 29.9% and 35.4%, respectively higher
than that of H-UHPC, P-UHPC, T-UHPC and O-UHPC, implying the obvious steel fibre bridging
action for S-UHPC. The incorporation of PLA octet lattice and re-entrant triangular lattice led to a
9.4% and 5.5% respectively reduction in compressive strength of P-UHPC. However, the
compressive strength of H-UHPC was enhanced by 8.3%, which can be ascribed to the excellent
auxetic properties of re-entrant honeycomb lattice that laterally constrained the concrete deformation
in compression and formed a biaxial compression state of the composite [5]. Thus, the load-bearing
capacity of the composite can be improved. The re-entrant triangular structure had relatively short
but thick struts due to the same volume fraction, leading to insignificant auxetic behaviour [44].

Hence, the compressive strength of T-UHPC was dominated by material properties of PLA lattice.
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3.1.4 Static compressive deformation

As seen in Fig. 7, O-UHPC exhibited the highest ultimate strain of 3.12%, followed by S-UHPC, H-
UHPC, T-UHPC and P-UHPC at 2.96%, 2.81%, 2.53% and 0.29%. It was indicated that octet lattice
had an obvious improvement in the ductility of concrete, which was more superior than that of auxetic
lattice. In addition, the high ductility of steel fibre reinforced UHPC was derived from the bridging
effect of the fibres across cracks, which restricted the crack development through a large amount of
energy dissipation [81]. The strains at peak stress of S-UHPC, O-UHPC, H-UHPC and T-UHPC were
0.45%, 0.92%, 0.81% and 0.72%, respectively, which were higher than that of P-UHPC (i.e., 0.29%).
The reinforcement improved the strain at peak stress of concrete and broadened the range of
engineering application and the slender struts in lattice greatly increased the concrete ductility.

3.1.5 Dissipated energy

The energy dissipation of reinforced concrete was defined by the sum of the energy dissipated by
concrete matrix and reinforcing phase [82]. The compressive dissipated energy of concrete specimens
can be calculated by the area within the compressive stress-strain curves. The dissipated energy of P-
UHPC was 74.1 J because P-UHPC without reinforcement lost its loading capacity quickly after
reaching the peak stress. In comparison, the dissipated energy of S-UHPC, O-UHPC, H-UHPC and
T-UHPC was higher by 597%-1035.8%, amounting to 699.3 J, 841.2 J, 660.3 J and 517.4 J,
respectively, due to the reinforcement including steel fibres and PLA struts in concrete specimens
absorbed a large amount of energy by tensile elongation during the crack development and provided
reliable bonding and residual stresses even after the cracking surface penetrated the specimens. S-
UHPC and H-UHPC dissipated the similar amount of energy, while O-UHPC and T-UHPC
respectively showed the highest and T-UHPC the lowest energy dissipation. This indicated that the
lattice reinforcement greatly enhanced the energy absorption of the specimen. O-UHPC had higher
energy dissipation compared with H-UHPC and T-UHPC, which can be attributed to that the uniform
slender struts presented higher energy absorption capacity than the concentrated structural form of
auxetic lattice with the same volume fraction of the lattice in UHPC under static compressive loading.
3.2 Dynamic compressive behaviour

3.2.1 Failure patterns

Fig. 9 displays the dynamic compressive failure patterns of all specimens. Apart from S-UHPC, the
failure patterns of P-UHPC and other lattice reinforced UHPC specimens exhibited similar features
in terms of damage level with the increase of strain rate: increasing from almost complete specimen
at the strain rate of 34.8 s (Fig. 9a, f, k, p and u) to fragmentary failure as the strain rate reached
134.7 s (Fig. 9e, j, o, t and y). This is because the short impact time at high strain rate cannot
guarantee the internal micro-crack development of concrete specimens in spite of the generation of a

large number of cracks [83]. S-UHPC retained the core integrity under different strain rates, which
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can be ascribed to the lower elastic modulus of UHPC, resulting in the first large deformation of
concrete under dynamic compression. The rapidly developed cracks in concrete were bridged by steel
fibres, leading to the core integrity of the specimens. In comparison, PLA had low elastic modulus
and was prone to deformation, resulting in concrete debonding from lattice.

At 34.8 s, nearly all specimens kept complete, while the edges of T-UHPC appeared slight
detachment. As the strain rate went up to about 59.7 s, cracks occurred on the surface of all
specimens but the core area kept relatively complete. T-UHPC and H-UHPC had similar but slighter
fragment spalling (Fig. 99 and v) at the edges as P-UHPC (Fig. 9b), which can be ascribed to the
weak joints of re-entrant triangular unit cells, leading to the weak reinforcement effects at the edges
of whole lattice structure. When the strain rate reached around 86.7 s, more fragmental split can be
observed in P-UHPC, O-UHPC, T-UHPC and H-UHPC (Fig. 9c, r and w), while S-UHPC showed
slight detachment at the edges (Fig. 9h and m). More cracks formed and developed in all concrete
specimens. With the further rise of strain rate to around 108.5 s, the outer area of all concrete
specimens was destroyed of different levels, while the cracks developed towards the middle area.
Obvious cracking penetration happened through the edges of P-UHPC, O-UHPC and T-UHPC (Fig.
9d, n and x). H-UPHC and S-UHPC kept a relatively complete state (Fig. 9i and s). It is noteworthy
that when PLA lattice reinforced UHPC was destroyed the fracture surface shape was highly
coincident with the strut path (Fig. 9n, s and x), indicating that the cracks were caused by concrete
debonding from the lattice [65]. P-UHPC and O-UHPC were broken into multiple fragments at the
strain rate of strain rate to around 134.7 s (Fig. 9e). T-UHPC remained relatively complete lattice
along with a few matrices, while most of the longitudinal joints of unit cells were broken (Fig. 9y).
The PLA lattice exhibited weak restrictions on crack development of UHPC under high strain rates.
In comparison, re-entrant triangular lattice played an essential role in reinforcing the adjacent internal
concrete, and meanwhile, the internal concrete could be constrained by the external concrete under
dynamic compression. Besides, the external concrete could be broken due to lack of restraints caused
by both geometrical limitation and weak link failure. The NPR effect of auxetic lattice resulted in a
biaxial compression status, delaying the formation and propagation of cracks in UHPC.

The worst dynamic compressive failure patterns took place in P-UHPC compared to other
reinforced UHPC at various strain rates, indicating that the crack development and the transverse
deformation of concrete can be effectively restrained by the addition of steel fibres [64]. Besides, S-
UHPC presented superior dynamic compressive failure patterns at all strain rates because of the better
reinforcement effects of steel fibres against PLA lattice. The steel fibres were uniformly distributed
in concrete, whilst the auxetic and non-auxetic lattice structures usually had weak cross-sections,

leading to about the through cracks and overall damage of the structure at high strain rates.
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Fig. 9. Failure patterns of different specimens at various strain rates (Note: the red circles refer to
the cracks caused by lattice debonding).

3.2.2 Stress-strain curves

Fig. 10 presents the stress-strain curves for all specimens at various strain rates (about 34.8-134.7 s
1, indicating the same trend for them (except P-UHPC), mainly consisting of three stages: a linear
elastic rise region, a plastic region due to the initiation and development of micro-cracks in concrete,
and a softening region after reaching the peak stress. During the softening stage, a short stress plateau
was interspersed in the rapid descent stage, where the cracks in concrete further developed and
eventually concrete was destroyed. The stress plateau can be ascribed to the steel fibre bridging effect
and PLA lattice reinforcement effect. P-UHPC showed the pure rapid descent curve in the strain-

softening stage due to lack of reinforcement in P-UHPC to resist the crack development.
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Fig. 10. Effect of strain rate on dynamic compressive stress-strain curves of (a) P-UHPC, (b) S-
UHPC, (c) O-UHPC, (d) H-UHPC, and (e) T-UHPC.

Table 6 summarises the measured dynamic properties of all specimens, which indicates a
significant enhancement of dynamic compressive strength with the increasing strain rate. As the strain
rate went up, the dynamic compressive strength of P-UHPC, S-UHPC, O-UHPC, H-UHPC and T-
UHPC was increased by 11.2-28.2%, 9.2-40.5%, 5.6-70.7%, 41.9-91.8% and 39.1-85.0%,
respectively compared to their static compressive strengths, which can be attributed to the strain rate
effect under dynamic compression. The strain rate effect stems from the theory of energy balance
under dynamic impact at high strain rates or the lateral inertia effect on the specimen surface [84-87].
When a high strain rate was applied, the striker bar showed a high impact velocity with a short impact
time, generating a huge Kinetic energy to impact the specimen. Thus, to balance and absorb this
energy, the strain energy inside the specimen increased dramatically, resulting in the micro-crack
development. As the energy required for microcrack propagation was lower than that needed for crack
initiation, the micro-cracks of concrete cannot be sufficiently propagated within a very short impact
time before final failure, while more new micro-cracks were generated to absorb more energy [60].
Therefore, the dynamic compressive strength went up with the increasing impact velocity and strain
rate, which verified the failure patterns of the specimens (Fig. 9). The dynamic compressive stress
enhanced significantly, thereby providing energy for crack formation under high strain rates.

Table 6 Summary of dynamic properties of all specimens obtained from SHPB test.

Averag Dvnamic Strain at Ultimate Fracture Total
Symbol e strain coym ressive DIF peak stress  strain energy energy
rate (1) P (<10 (<109 ) )
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strength

(MPa)
36.2 37.243.7 0.2940.029 3.5240.89 5.2941.92 24.022.9 37.343.2
63.1 78.847.2 0.6240.057  6.38+41.02 10.0642.03  95.1#4.3 157.147.2
P-UHPC 85.1 107.745.9 0.8540.047 7.05#.11 12.5542.29  138.9#12.2 260.9429.1
107.8 140.948.9 1.1140.070 9.17#1.12 17.5543.17 208.9420.1 429.9434.3
131.6 162.446.1 1.2840.048 11.92#1.57 20.6843.45 314.1428.9 612.0440.9
33.0 57.010.9 0.3740.005 4.0140.61 11.3641.22 43.143.9 132.945.1
57.7 124.944.8 0.8040.031 6.8640.69 15.2941.49  143.549.2 356.1#+17.0
S-UHPC 88.7 170.3#4.1 1.0940.026 7.7140.85 21.50+.80 227.2#125 576.381.4
110.1 193.247.6 1.2440.049 10.20#1.11 26.68+2.14 357.0428.9 775.7447.2
132.1 219.246.5 1.4140.042 12.23#1.26 34.60#2.56 502.1433.4 1412.5452.3
34.6 54.944.9 0.4840.036  4.960.51 10.54+1.59 47.143.0 104.749.1
56.2 97.018.0 0.8440.059  8.2640.81 17.794.90 140.647.3 323.1+19.2
O-UHPC 84.6 121.7#2.2 1.0630.091 9.93#.21 26.3143.11 215.3#16.9 564.8431.2
108.2 155.0#1.7 1.3540.087 12.63+.33 33.3043.27 329.6#21.5 878.7449.4
133.5 196.6+14.1 1.7140.104 16.69#1.31 42.1643.52 470.0433.8 1564.8464.5
354 55.944.6 0.4140.033 6.0140.55 11.47#H.14  49.546.3 123.44+14.9
62.3 124.1482.6 0.90#0.019 11.7040.62 23.20#1.32 281.7#9.0 660.7427.1
H-UHPC 87.0 195.248.9 1.4240.064 12.9040.89 31.75#1.82 485.8423.3 1153.0#41.9
109.9 219.6+1.0 1.60#0.080 13.97+.11 38.3242.30 540.3#6.9 1550.3#48.1
137.7 262.716.4 1.9140.047 19.98#1.25 47.0242.57 775.3438.1 2254.3475.2
36.6 47.534.4 0.4040.037  6.15140.63 10.764.23  58.046.7 109.1#13.3
T-UHPC 60.4 102.745.7 0.8640.047 8.9340.73 17.15#4.41  162.8+14.6  315.3330.2
86.5 167.149.7 1.3940.081 13.2340.85 30.10+1.98 368.0#28.9 867.1445.0
106.8 19344124  1.6140.103 14.14#1.22 36.27x2.41 422.0430.4 1138.4451.2
135.1 22224140 1.8530.117 20.94+1.35 43.63#2.88 690.0#41.9 1688.9477.3

Fig. 11 shows the effects of specimen type and strain rate on the dynamic compressive strength.

At the strain rate of around 34.8 s, S-UHPC had the highest dynamic compressive strength of 57.0
MPa, followed by H-UHPC and O-UHPC of 55.9 and 54.9 MPa, respectively. Different from the
static compressive findings, the presence of re-entrant triangular lattice led to a rise in dynamic
compressive strength of concrete compared to P-UHPC. Multiple cracks were developed in lattice
reinforced UHPC under dynamic compression, where the PLA struts played the same role as fibres
in concrete specimens, and the stepped cracks were caused by concrete debonding. They both
absorbed more energy for microcrack propagation and thus improved the dynamic compressive
strength of the specimen.

The dynamic compressive strength of H-UHPC was significantly higher than that of other
specimens at high strain rates (i.e., around 86.7 s%, 108.5 st and 134.7 1), where H-UHPC exhibited
the greatest strength at each strain rate (i.e., 195.2 MPa, 219.6 MPa and 262.7 MPa, respectively). T-

UHPC with low static compressive strength due to the weak joints of lattice structure also had a
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similarly high dynamic compressive strength to S-UHPC at high strain rates. However, the strength
of O-UHPC was about 20.8-29.5% lower than that of S-UHPC. In addition to the bridging effect of
PLA struts in 3D lattices, the enhanced dynamic strength at high strain rates can be mainly ascribed
to the NPR effect, allowing the specimens to enter into a bi-directional compressive state upon impact.
Meanwhile, the specimens became denser, which was also beneficial to the compressive strength.
Furthermore, as the crack width increased, the geometry of 3D lattices prevented the struts from being
pulled out owing to the roughness of the interface, resulting in more reliable reinforcement and fuller
utilisation of PLA tensile properties compared to fibres that were prone to be pulled out [88].
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Fig. 11. Effect of specimen type on dynamic compressive strength under different strain rates.

3.2.3 Dynamic increase factor

The dynamic increase factor (DIF), which is defined as the ratio of dynamic and static compressive
strengths, is commonly used to evaluate the strain rate dependence of materials. As summarised in
Table 6, when the strain rate was above 106.8 s, DIFs were higher than 1 for all specimens,
indicating that after exceeding a certain impact velocity, the dynamic compressive strength was
higher than the static compressive strength. In addition, DIFs gradually went up with the increase of
strain rate. It was reported that the logarithm of DIF and strain rate are linearly and positively
correlated, with the ratio being a necessary parameter to ensure correct structural design [89]. DIFs
of reinforced UHPC were much higher than that of P-UHPC at the similar strain rate, which can be
attributed to that the fibre or lattice reinforcement improved the dynamic compressive strength
enhancement. As displayed in Fig. 12, the auxetic lattice reinforced UHPC exhibited higher DIFs
under high strain rate impact in comparison with S-UHPC and O-UHPC. This is because compared
to the steel fibre bridging effect after the generation of cracks, the PLA lattice confined the matrix
during the whole impact process. Moreover, the auxetic PLA lattice with low elastic modulus
presented higher bi-axial deformation under same compression, which confined the deformation of
matrix and delayed the crack development of UHPC. The confinement effect of lattice was
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accordingly enhanced with the rising strain rate.

Fig. 13 shows the fitted linear curves of DIF against strain rate logarithm for all specimens. All
curves indicated a similar upward trend. The accuracy of the fitted curves can be assessed using the
correlation coefficients (R?) given in Table 7, which were all above 0.9, indicating the good reliability
of all fitted curves. It can be observed that the fitted straight lines of the two specimens with auxetic
lattices possessed a higher slope, implying that the addition of auxetic lattice held a more positive

effect on dynamic compressive strength of concrete compared to steel fibres.
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Fig. 12. Relationship between DIF and strain rate for all specimens.
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Fig. 13. Fitted linear curves of DIF against logarithm of strain rate.

Table 7 Summary of the fitted DIF equations for different specimens.

Symbol Fitted equation of DIF Correlation coefficient (R?)
P-UHPC DIF=2.122logé-3.012 0.978
S-UHPC DIF=2.035logé-2.645 0.998
O-UHPC DIF=2.365logé-3.131 0.942
H-UHPC DIF=3.072logé-4.320 0.985
T-UHPC DIF=3.095logé-4.531 0.991
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3.2.4 Dynamic compressive strain

The strain at peak load and ultimate strain presented in Fig. 14 reflected the deformability of the
specimen at the time of full crack development and final failure, respectively [89], which both raised
with the increasing strain rate. A comparison of the strain variables between the two figures indicated
that the ultimate strain of reinforced UHPC was 112-183% higher than that at the peak stress under
all strain rates. The bridging effect of fibres or PLA struts at the cracks prolonged the strain-softening
region, which improved the toughness and energy absorption of UHPC [88].

Although the stress of S-UHPC was much higher than that of P-UHPC at the same strain rate, the
strain under peak load and ultimate strain were only 2.5-11.2% and 52.0-116.7% higher, respectively.
On the contrary, both strains for three types of specimens with 3D lattices were higher than that of S-
UHPC, especially for the two types of UHPC reinforced with auxetic lattices. This is consistent with
the findings by Brian Salazar et al. [65]. It was observed that PLA struts resisted cracking after the
incorporation of 3D lattices, while the lattice paths lengthened as cracks were mainly caused by lattice
debonding, which facilitated the improvement of ductility of concrete. The dynamic strain of auxetic
lattice reinforced UHPC was higher than that of O-UHPC, which can be attributed to the restriction
effects of NPR lattices on the crack development. The resulting biaxial compression of UHPC also

prevented the local failure.
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Fig. 14. Effect of specimen type on (a) strain at peak load, and (b) ultimate strain under different
strain rates.
3.2.5 Dissipated energy
In SHPB test, the energy dissipation of specimens was closely related to dynamic compressive stress
and failure patterns. Both dynamic compressive strength and the energy absorption capacity increased
accordingly with the growth of strain rates, while the microcracks and large cracks in the failed
specimens multiplied. It can be clearly seen from Fig. 15 that both fracture energy and total energy were

enhanced with increasing strain rate. The increase in energy absorption capacity was attributed to that

21



more cracks were generated in the specimens within a very limited loading time at higher strain rates,
which was well consistent with the failure pattern in Fig. 9.
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Fig. 15. Dynamic energy absorption capacity of UHPC in terms of (a) fracture energy, and (b) total
energy under different strain rates.

Fracture energy represents all the energy absorbed by the specimen before the peak stress in
dynamic compressive test, which can be calculated by multiplying the area under the stress-strain
curve at the peak stress by the volume of the specimen [64]. T-UHPC and H-UHPC exhibited the
highest fracture energy under high strain rate impact, reaching 775.3 J and 695.0 J, respectively. It
can be explained by the fact that the failure patterns of UHPC specimens at high strain rates changed
from local damage to global fragmentation, and thus more NPR units were utilised. The additional
NPR effects resulted in bi-directional compression and denser structure, thus increasing the peak
stress and fracture energy required for crack initiation. The fracture energy of S-UHPC and O-UHPC
was basically the same, fluctuating in the range of 6.8%, much lower than that of H-UHPC and T-
UHPC. It was found that the NPR of auxetic lattice showed a good enhancement on the resistance of
UHPC to cracking, thereby increasing the fracture energy.

The total energy absorption of UHPC specimens tested by SHPB, i.e., W;,:4;(t), was calculated

by the difference in energy of incident, reflected and transmitted waves, as expressed below [90, 91]:
Wigtar (£) =W, (t) =W, (t) =W, (t) 2)
W, (t) = EC,A, [ £ (t)dt 3)

where W, (t), W, (t) and W5 (t) denote the energy of incident wave, reflected wave and transmitted
waves, respectively, and the subscript i (= 1, 2, 3) stands for different types of wave.

The total energy consists of fracture energy and post-crack energy. The post-crack energy denotes
the energy absorbed by the deformation of fibres or lattice through cracking after the initiation of
crack, which is the main part of the energy absorbed by reinforced concrete [83, 91]. For concrete
reinforced with 3D PLA lattice, the energy was dissipated by crack generation, along with lattice
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deformation and pulling out in the fracture zone. As seen in Fig. 15b, the lattice reinforced UHPC
presented similar total energy as steel fibre reinforced UHPC at around 34.8 s, indicating that the
lattice provided the similar confinement effects on crack development as fibres under low strain rate,
where few NPR effects can be observed. As the strain rate raised to higher than 59.7 s, the auxetic
lattice reinforced UHPC showed higher energy dissipation compared to O-UHPC and S-UHPC. H-
UHPC had the highest total energy and post-crack energy at high strain rates, which were 2254.3 J
and 1479.0 J. Large deformation, sliding and friction took place in PLA lattice, achieving a high
energy absorption compared to fibre reinforced UHPC. Additionally, UHPC matrix turned into a bi-
axial compressive status under high velocity impact, limiting the crack initiation and propagation.
Matrix was deboned from the struts, while the cracking paths overlapped the struts and performed
stepped oblique along with the longest struts compared with the straight oblique cracks in S-UHPC
[60, 65]. H-UHPC presented much higher energy dissipation in comparison with T-UHPC, indicating
the high tensile deformation of lattice structure and friction between the lattice and matrix. Cracking
in T-UHPC mostly happened at weak joints, resulting in mostly vertical cracks, which limited the
number of tensioned struts and thus reduced the energy absorption capacity. Moreover, the total
energy of O-UHPC exceeded that of S-UHPC at high strain rates, under the premise that its fracture
energy was less than that of S-UHPC. The enhancement in post-crack energy of concrete by 3D lattice
was more significant than fibres, as the uniformed geometry of 3D lattice can compensate for the
defect of fibre, fully exploiting the energy absorption ability of struts.

4. Conclusions

In this study, the static and dynamic compressive behaviour of 3D octet, re-entrant honeycomb and

triangular lattice reinforced ultra-high performance concrete (UHPC) in comparison with the

reference plain UHPC and steel fibre reinforced UHPC were experimentally investigated. Based on
the obtained experimental results, the following main conclusions can be drawn:

e H-UHPC had a 14.6-19.4% higher static compressive strength than O-UHPC and T-UHPC.
Although the incorporation of PLA material had a negative impact on compressive strength, the
bi-directional compression status of the composites due to auxetic lattices provided additional
support to UHPC matrix, which compensated for the strength loss caused by the weak material.
O-UHPC exhibited the highest static ultimate strain of 3.12% and dissipated energy of 841.2 J,
which were 5.4-23.3% and 20.3-62.6% respectively higher than that of H-UHPC, S-UHPC and
T-UHPC. The uniform slender struts of O-UHPC had higher ductility and energy absorption
capacity compared to auxetic lattice with weak cross-section in P-UHPC.

¢ With the increase of strain rate, the failure patterns of P-UHPC and reinforced UHPC specimens
looked similar. The damage of the specimens increasing from almost complete specimen at the

strain rate of 34.8 s* to serious splitting and fractional failure as the strain rate reached 134.7 s
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The short impact time at high strain rate cannot guarantee the internal micro-crack development
of UHPC specimens in spite of the generation of a large number of cracks.

S-UHPC presented the highest dynamic compressive strength at low strain rates, while auxetic
lattice reinforced UHPC held the highest dynamic strength at high strain rates. The dynamic
compressive strength of H-UHPC was much higher than that of other specimens at high strain
rates. The NPR effect of lattice allowed the specimens to enter into a bi-directional compressive
state and become denser upon impact, which was also beneficial to compressive strength. The
dynamic compressive strength of all specimens went up with the increasing impact velocity and
strain rate, which can be ascribed to the strain rate effect under dynamic compression.

H-UHPC possessed the highest total energy and post-crack energy at high strain rates. The large
deformation, sliding and friction of PLA lattice led to a high energy absorption and UHPC matrix
turned into a bi-axial compressive status under high velocity impact, resisting the crack initiation
and growth. Much higher energy dissipation occurred in H-UHPC compared to T-UHPC,
indicating the high tensile deformation of lattice structure and friction between the lattice and
matrix. The cracks in T-UHPC mostly appeared at weak joints, resulting in mostly vertical cracks,
which limited the number of tensioned struts and thus reduced the energy absorption capacity.
Among all lattice reinforced UHPCs, H-UHPC exhibited excellent static and dynamic
compressive performance and was about 10% lighter than S-UHPC, suggesting its potential
application in lightweight construction. The static elastic modulus and compressive strength of
H-UHPC were lower than that of S-UHPC. In comparison with S-UHPC, H-UHPC had
comparable compressive strength and energy dissipation at low strain rates (i.e., around 34.8-
59.7 s1), while the dynamic compressive behaviour was enhanced much more obviously at high
strain rates (i.e., around 86.7 s-134.7 s™). The confinement effect of auxetic lattice was
accordingly improved with the rising strain rate. The difference in material properties of lattice
reinforcement and typical steel fibre could affect the compressive behaviour of UHPC. The results
obtained from this study indicated the significance and broad application of auxetic lattice
reinforced concrete, while further development in incorporating different auxetic lattice into

different concrete composites (e.g., metallic lattice reinforced concrete) is required.
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