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Cementitious materials are the most used construction materials due to their rela-
tively low cost and ease of production, which essentially requires fluid concrete to be
poured into moulds and be allowed to set [1, 2]. Although excellent in compressive
strength, the inherent brittleness and poor tensile strength of these materials result in
low energy absorption and sudden fracture when the material tensile strength is
exceeded. Consequently, cementitious materials are unsuitable for high-energy
absorption applications such as vibration and impact resistance. Several approaches
have been employed to improve the ductility for such brittle materials, such as
through embedding of ductile reinforcement materials, e.g. steel rods, steel strands
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and fibres [3], polymers [4, 5], natural fibres [6, 7] and only recently auxetic
materials derived from altering the geometries of conventional materials
[2, 8]. While conventional materials expand laterally when compressed axially and
contract laterally under axial tension, auxetic materials contract laterally when
compressed axially and expand laterally under axial tension. This counter intuitive
behaviour of auxetic materials that results in Negative Poisson’s Ratio (NPR) can be
exploited for enhancing indentation resistance [9, 10], shear resistance [9, 11],
strain-hardening, energy absorption, crashworthiness, damping [9, 12, 13]; as well
as physical characteristics such as acoustic behaviour [11] and inherent synclasticity
under bending moments [13].

Auxetic behaviour has been cheaply achieved in several studies by altering the
geometry of conventional materials. The most studied auxetic geometry with poten-
tial application in structural engineering is the re-entrant honeycomb structure
[14]. Several studies have investigated re-entrant honeycomb structures with con-
crete infill. The study of Zhong et al. [15] investigated the compressive strength
behaviour of fabricated re-entrant honeycomb aluminium structures with 0.4 mm of
sheet thickness. The height and width of the re-entrant honeycomb structure were
110 mm and filled with 16 MPa concrete. The elastic modulus and tensile strength of
the aluminium sheets were 69 GPa and 274 MPa, respectively. The study reported
the enhancement of the composite against compression, buckling, flexure and shear
failures. The study investigated the confinement effect of the auxetic honeycomb
lattice to the transverse deformation of the concrete matrix. The influence of
dimensional parameters such as cell wall thickness, cell angle and cell size on the
auxetic response of the composite was also investigated. The method of manufacture
of the aluminium re-entrant honeycomb was firstly by folding plain sheets of
aluminium, then stacking and gluing the folded sheets. The same type of honeycomb
was used in the study of Zhou et al. [16], although with foam concrete as the
cementitious matrix. Zhou et al. [16] investigated the in-plane uniaxial quasi-static
and dynamic compressive strength of the auxetic mesh-reinforced foam concrete.
The sample failure evolved from predominantly compression to shear especially as
the density of the foam concrete increased. The study recommended the use of
auxetic meshes to enhance load-bearing of porous cementitious structures.

Apart from sheet folding and crimping into re-entrant shapes, another popular
method of introducing auxetic behaviour in metal sheets is through perforations.
Perforations in the form of orthogonal ellipses have been shown to create nodes of
rotation within the perforation grids and hence cause NPR [14, 17]. For example, in
the study of Luo et al. [17], 8 mm, 10 mm and 12 mm thick stainless steel sheets were
perforated in orthogonal alternating elliptic patterns (using laser cutting technology)
and folded into tubes. The tubes were then filled with concrete and tested in
compression after 28 days. The elliptical-perforated tubes were compared with
circular-perforated tubes with the same area of perforations. The elliptical-perforated
tubes provided active restraint to the lateral strain of the concrete, thereby enhancing
the axial compressive strength of the composite.

Investigations of auxetic behaviour through perforation of materials are scarce
and focused on tubular structures used as external confinement to the cementitious
phase. Also in such studies, the auxetic behaviour is limited to the material plane of
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the confinement. This means that, apart from the confining edge provided by the
sheet metal, the greater volume of the cementitious phase is unaffected by the auxetic
behaviour of the sheet metal. Furthermore, for structures such as re-entrant honey-
combs, there is lack of continuity in the cementitious matrix as each cell is separated
by a continuous sheet of metal. In this study, the possibility of introducing auxeticity
throughout the composite in re-entrant honeycomb structures through perforations is
explored. The perforations are also expected to enhance the bond strength between
the metal sheet and the cementitious matrix, as well as additional confinement,
thereby improving the mechanical properties of the overall composite.

The effect of the perforations on the compressive capacities of the samples is
investigated by comparing the force—displacement curves of the circular-perforated,
elliptic-perforated and peanut-perforated samples with the non-perforated samples.
Subsequent paragraphs, however, are indented.

2 Materials and Methods

2.1 Re-entrant Honeycomb Structure

Cold-reduced (CR4) steel sheets of 0.9 mm thickness were supplied by The Metal
Store, UK, and cut into strips of 1200 x 70 mm and used for the non-perforated
samples. For the perforated samples, a plasma cutter was used to carry out the
perforations before the sheet was cut into the 1200 % 70 mm strips. All the perforated
samples have the same volume of materials which is exactly half the volume of the
non-perforated samples. Details of the dimensions of the sheets and perforations are
shown in Fig. 1.

For both perforated and non-perforated sheets, the samples were folded into
re-entrant shapes at 75° angle of inclination as shown in Fig. 2i. The folded metal
sheets were stacked upon one another and welded using TIG welding.
Non-perforated solid plates of the same thickness were welded on to the top and
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Fig. 1 Dimension details of (a) circular-perforated, (b) elliptic-perforated and (c) peanut-
perforated mild steel sheets. All dimensions are in mm
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Fig. 2 (a) Non-perforated and perforated mild steel strips; (b) folded strips into re-entrant shapes;
side views of welded (c) non-perforated, (d) circular-perforated, (e) elliptic-perforated, (f) peanut-
perforated re-entrant honeycomb structures; (g) some welded re-entrant meshes; (h) mesh-mortar
composites; (i) dimension details of re-entrant structure

the bottom of each auxetic structure in order to contain the mortar within the
structure during casting (see Fig. 2g).

2.2 Mortar

The materials used for the mortar were Hanson general-purpose cement (32.5R) and
natural sand that complies with the ASTM C33/C33M as sharp concreting sand. The
sand with 4 mm maximum aggregate size together with the cement were all obtained



Compressive Characteristics of Perforated Re-entrant Auxetic. . . 249

100
80
60

40

Percent finer (%)

20

0.01 0.1 1 10 100

Particle size D (mm)

Fig. 3 Particle size distribution of sharp sand used for the cement mortar

from Jewson Exeter, UK. The mortar consisted of the binder and aggregate in 1:5
mix ratio while the water/cement ratio was 0.48 [18]. Sikamix mortar plasticiser was
added to the water at a dosage of 2.5 ml plasticiser per kg of cement before mixing
with the aggregates. The binder and aggregate were first dry-mixed in a rotating
drum after which the measured water containing mortar plasticiser was added. The
mixing continued for 5 min, following the requirements of ASTM C33/C33M until a
consistent mix was achieved. Figure 3 presents the particle size distribution. The
external side of the outer walls of the honeycomb were covered with transparent
stick tape (Sellotape) to avoid the concrete seeping through. The re-entrant honey-
comb structures were then placed on a flat wooden plate and held onto the plate using
steel wires. The mortar was then poured into the plate and vibrated for about 2 min
and left undisturbed for 24 h. At the end of the 24 h period, the sticky tapes were
removed, and the honeycomb—concrete composites were transferred into a water
tank and cured under ambient temperature for 28 days prior to testing.

2.3 Tensile Strength Test

The perforated and non-perforated strips were tested in tension to investigate their
tensile capacities and auxetic behaviour. The tensile strength test was carried out in
displacement control (at 5 mm/min) in an Instron 34TM-30 universal testing
machine, according to ASTM A370 — 11. Figure 4 shows images of some of the
tensile test samples before and after testing. The Poisson’s ratios of the samples were
calculated by obtaining six (6) lateral width measurements along each sample length
before and after the tensile test, using a digital vernier caliper and dividing the
change in the average final width by the change in the final longitudinal length of
each sample.
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Fig. 4 (a) Circular-perforated, (b) elliptic-perforated and (c¢) peanut-perforated mild steel samples
before and after tensile strength test; (d) illustration of positive Poisson’s ratio for circular
perforated samples; and (e) negative Poisson’s ratio for elliptic perforated samples

2.4 Compressive Strength Test

The mortar-filled auxetic composites were tested in compression in compliance with
ASTM C39 in displacement control at 5 mm/min. The test was stopped after a travel
distance of 75 mm.

3 Results and Discussion

3.1 Tensile Strength Test of Perforated Mild Steel Strips

While the circular-perforated samples underwent reduction in the lateral direction,
the elliptic- and peanut-perforated samples expanded in the lateral direction, hence
indicating NPR (see Fig. 4). The overall behaviour of the samples was governed by
the resistance mechanism of each constituting unit cell. For the circular-perforated
samples, the axial tension force from the machine was resisted by the material in
between the holes with direct axial straining and yielding until failure. Conversely,
the orthogonal arrangement of holes in the elliptic- and peanut-perforated sheets,
provided alternating material paths for load resistance, hence, causing the rotation of
the unit cells (see Fig. 4d, e). The rotations of the cells caused an increase in the
lateral dimension until the cells were aligned in the vertical axis of loading.

It was after this alignment, that the cells began to strain and yield in the axial
direction of loading subsequently with some strain-hardening until failure. Conse-
quently, the circular-perforated samples possessed relatively higher stiffness and
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Fig. 6 Energy absorption from tensile strength curves of the perforated steel sheets

tensile strength as shown in Fig. 5. Average tensile capacities and Poisson’s ratios of
8.39 kN, 6.47 kN, and 6.44 kN and —0.214, —0.246, and 0.279 were obtained for
circular-, elliptic- and peanut-perforated samples, respectively. The variation
between individual tensile test strip samples of the same category is due to possible
inconsistencies in the perforations as well as in the testing procedure.

A simple uniaxial tensile strength test alone is not sufficient to account for energy
dissipation through rotation of the unit cells of the auxetic strips; therefore, the
circular-perforated strips seemed to possess more energy absorption (i.e. the area
under the load—extension curve). Although the difference in average tensile capac-
ities between the elliptic- and peanut-perforated samples is negligible, the average
energy absorption of the latter is about 28% greater due to its relatively higher NPR
(see Fig. 6). It is also important to note that only two samples each were tested for
tensile strength behaviour for each category of perforated strip. This small sample
size is a limitation and will be increased in future studies.
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3.2 Compressive Strength Test

Generally, the stress—strain behaviour of re-entrant honeycomb structures is
characterised by three major regimes: the linear elastic stage, the softening or plateau
stage and the densification/destruction stage [19]. However, in this study, at the start
of loading, the compressive load on the auxetic steel-mortar composite, increased
linearly with displacement. The slope of the load—displacement curve then reduces at
the onset of cracking within the mortar (see Fig. 7). Nevertheless, the capacity of the
samples increased until excessive cracking within the mortar resulted in the rapid
reduction of the load—displacement curve. This rapid reduction in capacity is
followed by a plateau regime, which further evolves into the densification of the
composite with subsequent crushing/destruction. The crushing stage succeeded the
densification stage with concrete spalling from the cells of the auxetic meshes as
depicted in Fig. 8.
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Fig. 7 Compressive behaviour curves of samples with the maximum compressive strengths for
non-perforated and perforated re-entrant honeycombs

Start . 10 mm . 20 mm .k 60mm @d 75mm NS

Dypical failure pattern for all samples with vertical crosshead movements

Fig. 8 Compressive strength testing of non-perforated and perforated re-entrant honeycomb—
mortar composites
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Fig. 9 Average compressive strengths of non-perforated and perforated re-entrant honeycombs

Figure 7 is the compressive behaviour curves of selected samples having maxi-
mum compressive capacities for non-perforated and perforated re-entrant
honeycombs—mortar composites. Figure 9 presents the average compressive capac-
ities (with standard deviations) of all the categories. Due to the enhanced bonding
and the auxetic action provided by the perforations, the average compressive capac-
ity of the elliptic-perforated samples increased by about 12% and 19% compared
with the unperforated and circular-perforated samples, respectively. The compres-
sive capacity of the peanut-perforated sample was greater than the circular-
perforated samples by about 17%. However, there was negligible improvement in
the compressive capacity of the peanut-perforated samples compared with the
unperforated samples. This could be attributed to the trapping of larger grains of
aggregates in between the ‘neck’ of the peanut perforation, thereby creating weak
zones within the composite. The respective energy absorption for the samples was
calculated using Eq. (1).

1
/ Fdl (1)
0

where F is the applied load (in kN) and 1 is the corresponding displacement (in mm).

The amount of steel used for each perforated steel-mortar composite category is
exactly half the mass of the steel used for the non-perforated samples. According to
Eq. (2), this corresponds to a 50% mass consumption ratio (TMCR) for the perfo-
rated samples [20]. Recent studies show that cellular auxetic structures can be
obtained with up to 34% of material in comparison with their homogeneous coun-
terparts [20]. Although the process of perforation could result in extra costs,
advancements in manufacturing technologies could offset these costs allowing for
innovative engineering load bearing applications.

mass of auxetic component

TMCR =
mass of homogeneous component

x 100% )
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The different samples can also be compared using Eq. (3) which specifies a dimen-
sionless design optimisation factor (Df) [20]:

k
bf = displacement x TMCR

x 100%, 3)

where k is empirically chosen as 1 and having the same unit as the displacement
(or strain, deformation, rotation, etc.) [21]. In this study, the highest Df resulted from
the auxetic reinforcements. These are the samples with the highest compressive
capacity and use the least amount of steel reinforcement (i.e. the elliptic- and peanut-
perforated samples). The Df of the perforated samples are more than that of the
non-perforated samples with values of 9.3, 25.5, 19.4 and 16.5 for non-perforated,
circular-perforated, elliptic-perforated and peanut-perforated samples respectively.
Parameters such as TMCR and Df can be used as selection tools for the dimensions
of perforation and for the design of other components. For components in flexure,
the displacement in Eq. (3) can be replaced with deflection or strain. Although the
normalised average energy absorption from the compressive strength curves was
highest for the non-perforated samples (Fig. 10), it should be noted that the perfo-
rated samples have exactly 50% less steel reinforcement.

The perforated steel re-entrant honeycomb-reinforced mortar composite devel-
oped in this study can be used for applications such as lightweight beams, columns,
sandwich panels and shear walls. The perforations improve bonding between the
reinforcement and matrix through continuity of the matrix as well as through the
NPR of the steel sheets. Such composite also does not require additional formwork
for making them since the cellular arrangement can keep the wet concrete in place.
Further studies are however required to investigate the effects of perforation param-
eters such as aspect ratio and angular orientation of the holes in order to tailor them
for specific load-bearing components. The next stage of this research involves
investigations on the mechanical behaviour on a larger sample size in order to
enhance the rigor and impact of the results.
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Fig. 10 Normalised average energy absorption for all perforated samples under compression
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4 Conclusions

This paper focused on the behaviour of perforated re-entrant auxetic steel
honeycomb—mortar composite. The need to improve the bond strength between
steel and concrete through auxeticity led to the orthogonal perforation of the steel
strips. The tensile strength behaviour of the steel strips was assessed as well as the
compressive strengths of the respective composites with circular, elliptic and peanut
orthogonal perforations in the re-entrant steel honeycomb. Consequently, the fol-
lowing key findings are highlighted:

» The tensile capacities of circular-perforated sheets are over 29% greater than
those of the orthogonal elliptic- and peanut-perforated sheets.

* The difference in average tensile capacities between the elliptic- and peanut-
perforated samples is negligible; however, the average energy absorption of the
latter is about 28% greater.

* Due to the enhanced bonding and the auxetic action provided by the perforations,
the average compressive capacity of the elliptic-perforated samples is about 12%
and 19% greater than that of the unperforated and circular-perforated samples.

» Parameters such as the ‘design optimisation factor’ and ‘total mass consumption
ratio’ can be used to select the optimum dimensions for perforations.

» The perforated steel sheets use only 50% of the material constituting the
non-perforated steel sheets, implying that introducing auxeticity through perfo-
rations can reduce overall material usage. This can offer benefits in specialised
steel-reinforced cementitious load bearing applications such as concrete shear
walls.
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