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A composite can have properties much better than the components it is made of. This work proposes a three-
dimensional auxetic cementitious-polymeric composite structure (3D-ACPC) which incorporates 3D printed
polymeric shell with cementitious mortar. Uniaxial compression experiments are performed on the 3D-ACPC to
study their quasi-static stress-strain response. Experimental results show that the created composite structure can
simultaneously overcome the brittleness of conventional cementitious material and the low compressive strength
of 3D printed polymeric cellular shell. Therefore, the 3D-ACPC exhibit compressive strain-hardening behavior
ensuring high energy absorption ability. In addition, it is found that structural anisotropy and the shell printing
direction have significant impact on the stress-strain response of the 3D-ACPC. Moreover, due to the lightweight
cellular structure, the 3D-ACPC shows significantly enhanced specific energy absorption compared to conven-
tional cementitious materials and polymeric cellular materials. To this end, the developed 3D-ACPC has great

potential to be used in engineering practice, such as protective structures.

1. Introduction

Auxetic behavior indicates an unique mechanical property: negative
Poisson’s ratio [1]. This means that, when subjected to vertical
compressive load, auxetic structures tend to contract in the transversal
direction or vice versa, unlike conventional materials. This allows
auxetic structures to endure large deformation, therefore, they can
achieve high energy absorption ability [2,3]. In this sense, auxetic
structures are of great engineering interest, for example as sacrificial
claddings [4-6] which require high energy absorption.

Auxetic structures have attracted increasing research interest in
recent years [7-12]. Normally, auxetic behavior is achieved by intro-
ducing architected cellular structures, for instance re-entrant structures
[13-15], chiral structures [7,16,17], and double arrow structures
[8,10,18-20]. One common feature shared by these structures is their
highly porous cellular system. As a result, auxetic structures made of a
single polymer usually exhibit low compressive resistance due to the
porous cellular structure and the low rigidity of polymers. Consequently,
their energy absorption capacity is relatively low compared to auxetic
structures made of other materials.

Rather than using a single polymeric material to produce auxetic
structures, it has been found that creating multi-materials framework-
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filler composites [20-25] helps to improve energy absorption capacity.
Cementitious materials could be an outstanding choice as the filler
material. As one of the most used engineering materials, cementitious
materials can achieve excellent mechanical properties at very low cost.
More importantly, their high stiffness enables them to have great po-
tential to absorb energy when subjected to external load. However, due
to the lack of ductility, the deformability of conventional cementitious
materials is very low which limits the energy absorption ability at large
deformation. Nevertheless, previous studies [26,27] have shown that by
adopting polymeric fiber reinforced cementitious materials, the devel-
oped auxetic cementitious-polymeric composites can achieve compres-
sive strain-hardening behavior. This allows creating composites with
significantly improved energy absorption capacity. Adopting similar
approach, cementitious materials could be promising choices to inte-
grate with polymeric auxetic structures, and create composites with
excellent energy absorption capacity.

Herein, a novel approach for creating cellular auxetic composite is
proposed: using cementitious mortar to enhance compressive strength,
while using a polymeric shell to construct auxetic cellular structure and
provide ductility. An auxetic cementitious-polymeric composite with
three-dimensional cellular structure (3D-ACPC) is first fabricated. Then,
the mechanical behavior of the 3D-ACPC is experimentally investigated

0141-0296/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Fig. 1. Schematics of creating the planar auxetic geometry A*” in the xoy plane.

AXoz
AZ

()

Section

*]oint
(b)

Fig. 2. Schematics of a) creating the 3D auxetic structure, b) definition of the
“section” (red regions) and “joint” (green regions). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)

under quasi-static compressive load. Specifically, the stress-strain
response and energy absorption features of the 3D-ACPC are studied.
In addition, the impact of structural anisotropy and shell printing di-
rection on the mechanical properties of the composite is elaborated.

Mortar

Fig. 3. The 3D auxetic core-shell cementitious composites.

Table 1

Printing parameters used to print the auxetic ABS shell.
Parameters Configuration
Nozzle diameter (mm) 0.6
Temperature (°C) 260
Layer height (mm) 0.15
Line width (mm) 0.35
Infill density (%) 100
Infill pattern Lines
Printing speed (mm/s) 45

2. Materials and methods
2.1. Design of the cellular structure

Prior to preparing the specimens, the cellular structure was designed
by the following procedures:

In R3, a set of points: V¥ = (x, y, z) satisfying the Eq. (1) was used to
describe an elliptical cylinder, as shown in Fig. 1a. In this work, a = 8
mm, b = 20 mm and h = 40 mm was used.

(x/a)’ +(y/b)* < 1,]z] < h D)
where,

X, ¥, z are the spatial coordinates of the points in the set;

a and b are the minor and major axis of the elliptical cylinder,
respectively;

h is the height of the elliptical cylinder.

Then, the elliptical cylinder was transformed in the xoy plane to form
an array of elliptical cylinders, by the transformation matrix: M;”
written in Eq. (2) to Eq. (4), as shown in Fig. 1b.

Ey 5
X0y __ 3 i
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Fig. 4. A) The printing process of the abs shell, b) a printed abs shell.

Table 2 Loading direction
Mixture design of the matrix material (g/l) Layer prl nting dlrectlon
CEM I Fly Sand Superplasticizer Water w/b | [_ Image taking direction

42.5N ash (0.125-0.250 (Glenium 51)
mm)
458 542 458 2 396 0.40

Fig. 6. An example of the notation rule for the tested specimens; it shows this

Plastic film specimen is uniaxial loaded from the top (T) with layers printed from left (L)

and pictures taken from front (F); note that the shell was always printed from
bottom up, namely the “L” direction was on the printer build plate herein.

v;*% is the number i th elliptical cylinders on the xoy plane.

Subsequently, the original elliptical cylinder v}® was rotated along

Steel Plate the z axis by the rotation matrix R* to create a rotated point set vg”,
then, translated by the transformation matrix written by Eq. (7) to Eq.

Fig. 5. Experiment set-up for uniaxial compression tests. (9), as shown in Fig. 1c.
0 -1 0
inl® 4 cos” ro= (10 0 Q)
sin -+ cos > . 0 0 1
=1 in in [*2,i€{0,1,2,3,4} 3)
Slnz - COSZ 2 VEO)’ = R %« vgoy (6)
O XO!
N = (E3 5 ) @
vixoy — MiXOY X PO (4) ] 0 1
where, sin'™
2 h
E3 is a 3 x 3 unit matrix; 5% = —cosiﬁ *Evj €{1,2,3,4} (€]
i is an integer determining the number of transformed cylinders; 2
,*Y is the number i th translational transformation vector on the xoy 0
plane;
M;* is the number i th transformation matrix on the xoy plane; v = N xR (C)]
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Fig. 7. All printed and tested groups of the designed composite structure, the
layered pattern indicating the 3D printing direction is shown; the dimension of
all unit cell size is kept the same and indicated.

where,

R is the rotation matrix;
vy is the rotated point set;

j is an integer determining the number of rotated cylinders;

t*¥ is the number j th rotational transformation vector on the xoy
plane;

N;® is the number j th rotational transformation matrix on the xoy
plane;

v;*¥ is the number j th rotated new point set on the xoy plane.

The set of points of all elliptical cylinders on the xoy plane (v*Y) is,
therefore, the union of vi**¥ and v;**¥, and described as:

VI =y Y Uyt (10)

Afterwards, the elliptical set was subtracted by a solid cube C (shown
in Fig. 1d) which has an edge length of h, to create a planar auxetic
geometry similar to [26,27], and it was described by points set A*”, as
indicated in Fig. le.

The same processes were also performed on the yoz and xoz plane
such that AY* and A*°* were also obtained. At last, the 3D auxetic
structure A3 can be written as the intersection of these planar geome-
tries, namely:

A3 =A™ NAY NA™ an
where,
Agj is the point set of the 3D auxetic structure;
A AY* and A*” are the point set of 2D auxetic structure on the xoy,
yoz and xoz plane, respectively.
And, the schematics of creating the 3D auxetic structure is shown in

Fig. 2a. For convenience, “joint” (coloured in green) and “section”
(coloured in red) regions were defined, as shown in (Fig. 2b).

2.2. Specimen preparation

It has been found in previous studies [26-28] that, besides specially

Engineering Structures 294 (2023) 116734

designed cellular structures, ductility is necessarily required for
cementitious materials to achieve auxeticity and compressive strain-
hardening behavior. Therefore, a polymeric material was used as the
outer shell of the 3D-ACPC to introduce auxetic structure and ductility,
while the cementitious mortar was casted as a filler inside the polymeric
shell (shown in Fig. 3).

A commercial 3D printer Ultimaker 2+ was used to print the shell
(0.7 mm thickness) of the designed 3D cellular structure. ABS (Acrylo-
nitrile Butadiene Styrene) has been found in our previous work [29,30]
to be an efficient reinforcement material for cementitious mixtures.
Therefore, ABS was also used in this work as the printing material for the
shell. Printing parameters are shown in Table 1. Schematics of printing
the ABS shell is shown in Fig. 4a, and a printed ABS shell is shown in
Fig. 4b. According to the manufacturer Ultimaker [31], the tensile
strength and elongation at break of bulk ABS is 43.6 MPa and 34%, while
for the printed ABS is 39.0 MPa and 4.8%, respectively.

It needs to be noted that the designed auxetic structure may have
significant anisotropic behavior under compression. This, on one hand,
is an intrinsic property of the created 3D auxetic structure; on the other
hand, the printing directions of the polymeric shell may introduce
additional influences. Therefore, the ABS shell was printed and loaded in
different directions to investigate the anisotropic mechanical behavior.
A detail explanation of all printed and tested specimens is given in
section 2.4.

2.3. Mixing, casting and curing

As complex 3D geometry was used for the shell, high flowability was
needed for the cementitious mixture to ensure good casting quality of
the specimens. The cementitious mixture proportion is listed in Table 2:
a fine-grained mortar with water-to-binder ratio (w/b) of 0.40 was used
to cast the 3D-ACPC specimens.

Weighted dry materials were first mixed for 4 min, then water and
superplasticizer were added, followed by another 4 min of mixing. Af-
terwards, the fresh cementitious mixture was loaded into a syringe and
intruded into the printed ABS shell, followed by 60 s of vibrating. After
casting, all specimens were covered by plastic films and kept under room
temperature for 1 day. Afterwards, the specimens were cured in tap
water at room temperature until an age of 28 days.

2.4. Mechanical tests

A hydraulic press (INSTRON 8872) was used to perform the uniaxial
compression tests. The experimental set-up is shown in Fig. 5, two fixed
steel loading plates were used to apply the external compressive load.
Two plastic films were placed between the specimen and steel loading
plates to reduce friction. A uniaxial downwards displacement was
applied by the upper steel plate at a quasi-static rate of 0.01 mm/s until
45% strain of the specimens. Load was recorded by the load cell, and
displacement was recorded by the machine stroke. During the tests, a
digital camera was placed facing in front of the specimen to take pic-
tures. Afterwards, the pixels number between two pairs of outermost
(top/bottom and left/right) edges of the specimen at different strain was
counted. The change of pixels number is then used to calculate the
Poisson’s ratio of the 3D-ACPC.

As indicated before, the loading and the shell printing directions may
have an influence on the compressive behavior of the 3D-ACPCs.
Therefore, the prepared specimens were categorized into three series
according to the loading direction (three directions), and three sub-
divisions according to the printing direction (three directions). As
shown in Fig. 6, the “F”, “L” and “T” indicates front, left and top,
respectively. In this sense, in total nine types of specimens were tested:
FF, FT, FL, LL, LF, LT, TT, TF, TL as shown in Fig. 7. Note that the picture
taking direction would not influence the stress-strain response of the
specimens and is, therefore, not listed.
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Fig. 8. Stress-strain curves of the 3D-ACPCs loaded from a) the “F” direction, b) the “L” direction and c) the “T” direction; three duplicates were tested for each

sample shown in the Fig. 7.

3. Results and discussion
3.1. Stress-strain response

The stress-strain curves of all tested 3D-ACPC are calculated based on
the obtained load and displacement data from the INSTRON 8872. The
cube within which the unit cells were created was used to calculate the
stress and strain. As indicated in Fig. 7, the cross-sectional area is 40 x
40 mm?, and the specimen height is 40 mm. All obtained stress-strain
curves are shown in Fig. 8. It is clearly shown that, as a result of struc-
tural anisotropy and varying printing direction, the compressive
response of all tested specimens distinctly differs from each other.
Except the LF specimen, all other orientations exhibit compressive
strain-hardening behavior, namely higher compressive stress is reached
after the first peak. The stress-strain curve of the 3D-ACPC can be
roughly divided into three consecutive stages (as indicated in Fig. 8d),
according to the compression process of the specimens. The authors
have observed the same trend in previously developed 2D-ACCCs
[26,28], and have been reported to occur in many other types of
auxetic materials [13,14,32,33]. The compressive strength, o., of the
3D-ACPC is defined as the highest peak stress excluding stage “III”, and
the deformability, €., as the strain corresponding to the compressive
strength.

In stage “I”, the stress-strain curves correspond to the damage and

contraction process of the 3D cellular structure. As compressive strain
increases, one peak stress is first obtained, followed by a descending
branch as seen in Fig. 8a ~ Fig. 8d. Within this stage, the 3D-ACPC
exhibit auxetic behavior, triggered by the so-called “crack-initiated-
rotation” [26,27] mechanism: cracks initiate at the “joint” regions
accompanied by horizontal contraction of the specimen. For instance,
Fig. 9 shows the deformation process of the “FF” specimens. At 5%
strain, cracks can be clearly seen at the joint regions. The cracked joints
act as hinges allowing the sections to rotate alongside compression
progresses, as seen in Fig. 9b. As a result, horizontal contraction of these
specimens is witnessed, and the 3D-ACPC exhibit a negative Poisson’s
ratio (see Fig. 10). The data of the measured Poisson’s ratio is listed in
Table 3.

Within this stage, negative Poisson’s ratio is witnessed by the 3D-
ACPC. It can be seen from Fig. 10a that the Poisson’s ratio of FF de-
creases with compressive strain. This agrees well with the deformation
behavior (Fig. 9a) of the 3D-ACPC in stage “I”. It is worth noting that,
due to the structural anisotropy, the Poisson’s ratio values measured
from two observed directions (“L” and “T” for the FF specimen) is
different. Similar trend of the Poisson’s ratio is also observed on the
specimens loaded from the “L” (Fig. 10b) and “T” (Fig. 10c) direction.

The precise strain range of the stages are determined according to the
energy absorption efficiency of the 3D-ACPC. Referring to [34], the
energy absorption efficiency E is defined as:
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Fig. 9. A) Compression process of the ff specimens, roughly divided in three stages; b) a schematic description of the “crack-initiated-rotation” mechanism.
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where e, and oy, is compressive strain and stress, respectively. In this
work, as shown in Fig. 11, two peaks dividing the stress-strain curve to
three stages can be found on the energy absorption efficiency curve. The
strain ¢; of the first peak indicates the strain limit of stage “I”, ey of the
second peak indicates the strain limit of stage “II”, after which stage “III”
starts. The strain limit is influenced by the structural anisotropy and
printing direction as well; results of 3D-ACPC tested from all directions
are listed in Table 4.

Stage “II” is the strain-hardening stage. Strain-hardening occurs due
to subsequent compacting of the cellular structure after stage “I”. It can
be seen in Fig. 9 that the sections of the 3D-ACPC starts to get into
contact as the strain increases over 10%. Consequently, the stress starts
to increase again until the second peak is reached, as shown in the stress-
strain curves in Fig. 8a. Correspondingly, though still being negative, the
Poisson’s ratio observed from both directions also starts to increase as
seen in Fig. 10a. Alongside further strain increase, the cellular structure
is crushed and eventually crushed to rubble, leading to stress drop after
the second peak. The energy absorption ability of the 3D-ACPC is
significantly increased in this stage due to the strain-hardening
behavior. This sharply differs from some conventional cementitious

foams [35-37] which normally show a “plateau” or “platform” stress-
strain response in this stage, i.e. no strain-hardening behavior.

Stage “III” is called the densification stage. In this stage, rubble
generated in the previous stage is further compacted. During this pro-
cess, the material fragments are densely pressed which results in sharp
stress increase as shown in Fig. 8. A similar phenomenon was also found
in other types of auxetic materials [38], and was postulated to exist in
conventional concrete as mentioned in a thought experiment [39].

3.2. Compressive strength

While the general trend of the stress-strain response of 3D-ACPC
resemble each other, the influence of structural anisotropy and print-
ing direction is critical. A most intuitive observation is the deformation
process of the 3D-ACPC. For example, Fig. 9a shows the deformation of
FT specimen which is loaded from the “F” direction while the shell was
printed from the “T” direction. In stage “I” the FT specimen shows
cracking behavior similar to the FF (shown in Fig. 9a). In contrast, in
stage “II” multiple splitting cracks can be witnessed on the FT specimen.

The possible reason for such difference is attributed to the influence
of printing directions of the ABS shell. As indicated previously, the
interface between printed layers of the FT shell is parallel to the loading
direction. As well understood by many studies [40-42], due to the weak
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Fig. 10. Poisson’s ratio of the a) FF specimen, b) LL specimen and c¢) TT
specimen measured from two observation directions until 35% of strain, stan-
dard deviation is indicated;

interface of printed layers, an object exhibits lower compressive strength
when the printed interface is parallel to the loading direction than
perpendicular to it. As a result, as can be seen in Fig. 12, the compressive
strength (defined by the highest peak strength before stage “II”’) of the
FT and FL specimens is 2.2 MPa and 2.1 MPa, respectively. The fact that
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Table 3
Possion’s ratio of the specimens at different strain, values are rounded to two
digits.

Strain (%) Poisson’s ratio

FFL FFT TTL TTF LLT LLF
0 0 0 0 0 0 0
2.5 -0.17 —0.30 —0.37 —0.04 —0.35 —0.21
5.0 —0.52 -0.37 —-0.31 -0.21 -0.28 -0.32
10 —0.63 -0.45 —0.30 -0.32 —-0.22 —0.47
15 —0.28 —0.37 —0.18 —0.05 -0.11 —0.28
20 —0.12 —0.06 —0.11 0.16 —0.05 —0.18
25 0.07 0.25 0.06 0.33 0.08 0.12
35 0.51 0.66 0.24 0.56 0.36 0.51
8 : . 0.5
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Fig. 11. Schematics of stage division of the stress-strain curve (black) accord-
ing to the energy absorption efficiency (red). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of
this article.)

they are 42.1 % and 44.7 % lower than the compressive strength of FF
(3.8 MPa) is a proof of the impact of the printing direction.

In addition, similar effect is also found in other specimen series (“T”
and “L”) as well. As seen in Fig. 12, the FF, LL and TT specimens which
has the same loading and shell printing directions exhibit higher
compressive strength. Particularly, among the tested specimens, the
highest compressive strength is 5.61 MPa obtained by the LL specimen
while the lowest compressive strength obtained by the LF specimen is
92.4% lower (0.43 MPa), due to the altered printing direction. As can be
seen in Fig. 13, the LL exhibit similar deformation process as the FF,
therefore strain-hardening behavior is also obtained. In sharp contrast,
the LF specimen failed into separate parts early in the stage “I” due to the
initiated cracking at the joints, as a result, didn’t achieve hardening
behavior as indicated by the stress-strain curves in Fig. 8b, and shows
low compressive strength. A summary of uniaxial compressive test re-
sults is given in Table 4.

As aforementioned, the impact of the printing direction on the
compressive strength of the 3D-ACPC is critical. The origin of such
impact actually lies in the interface bonding strength of the 3D printed
layers. In other words, by enhancing the bonding strength between the
printed layers may be an effective method to improve the global me-
chanical performance of the 3D-ACPC. This can be achieved by opti-
mizing the printing parameters, such as the printing temperature [43]
and the cooling speed [44].

3.3. Deformability and energy absorption

As shown in the previous section, the FF, LL and TT specimens



Y. Xu and B. Savija

Table 4
A summary of uniaxial compressive results, standard deviation is indicated.
Specimen Compressive Deformability Energy &1 (%) eqr (%)
strength (%) absorption
(MPa) )
FF 3.83 £0.25 20.01 + 0.09 63.22 + 7.06 44.16
3.64 + +0.72
0.71
FT 2.21 £0.43 21.53 £0.71 35.83 = 5.83 35.10
2.74 + +1.95
0.42
FL 2.10 £ 0.37 22.66 + 1.79 24.25 + 6.31 38.89
3.29 + +5.71
0.28
LL 5.61 £ 0.12 23.47 £1.81 77.80 £ 9.48 42.96
6.11 + +1.83
0.23
LF 0.43 £ 0.05 2.02 £ 0.05 0.61 + 0.07 5.34 /
+
0.99
LT 2.18 £ 0.41 18.55 + 2.15 26.01 + 6.39 36.55
1.75 + + 2.55
0.50
TT 3.24 £ 0.15 22.34 £ 2.92 50.55 + 7.99 44.96
3.44 + +1.84
1.19
TF 2.01 £0.23 17.67 £ 1.61 23.40 = 6.29 35.37
5.64 + + 2.56
1.07
TL 2.58 £0.17 23.41 £1.63 40.99 + 6.10 35.66
4.21 + 0.2 + 2.33
Mortar 35.13 £ 0.17 0.13 + 0.02 6.37 £ 0.27 / /
cube
Shell (FF) 0.44 £ 0.13 19.98 + 1.08 4.62 + 0.09 / /
Shell (LL) 0.37 £ 0.08 18.25 + 0.25 4.74 + 0.19 / /
Shell (TT) 0.41 £+ 0.05 18.39 + 0.54 4.46 + 0.32 / /
7
— Perpendicular
£ 6 Parallel
g
s 5
2
g 4
g 3 :
a
2 2
a.
§ 1
o
) 7

FL LL LF TT

Fig. 12. Compressive strength of the 3D-ACPC categorized by the direcion of
the printed interface with respect to the loading direction, standard deviation
is indicated.

exhibit higher compressive strength compared to other specimens. In
addition, high deformability can be also found in these 3D-ACPC. As
seen in Fig. 14, the compressive deformability of FF, LL and TT speci-
mens are 20.0%, 23.5% and 22.3%, respectively. They are significantly
higher than the 0.2% deformability of conventional cementitious
mortar. Moreover, although similar strain-hardening compressive
behavior is also obtained when compressing the printed ABS shell only
(shown in Fig. 15), the deformability of the 3D-ACPC is still slightly
higher in three different directions.

Owing to such high deformability, these 3D-ACPC exhibit consider-
ably higher energy absorption (defined by the area below the load-
displacement curve of the 3D-ACPC excluding stage “III”) compared to
conventional cementitious mortar. Fig. 15 shows the stress-strain curves
of the ABS shell, the overall compressive response of the ABS shell re-
sembles the 3D-ACPC: the ABS shell also shows good deformability.

Engineering Structures 294 (2023) 116734

Nevertheless, the compressive strength of the ABS shell is strikingly
lower than the 3D-ACPC. As seen in Fig. 15, the second peak of the ABS
shell is only approximately 0.5 MPa, even the stress at 45 % of strain is
still less than 1 MPa which forms a sharp contrast to the strength of 3D-
ACPC. This is a critical drawback of polymeric cellular materials which
limit the total energy absorption ability, even they also have excellent
deformability. It is shown in Fig. 14 that the absorbed energy of FF, LL
and TT reaches 63.2 J, 77.8 J and 50.5 J, respectively. In contrast, the
cementitious mortar and the ABS shell are both lower than 10 J. This
means that the 3D composites structure simultaneously overcame the
low deformability of cementitious mortar and the low energy absorption
of ABS shell.

As a cellular material, lightweight is an important feature of the 3D-
ACPC. Compared to the density of bulk cementitious mortar (approxi-
mately 1850 kg/m? for the mixture used in this study), the density of the
3D-ACPC is only 986 kg/m®. This gives the 3D-ACPC high energy ab-
sorption and strength for the same weight. Specially, for the 3D-ACPC
developed in this study, the influence of structural anisotropy and
shell printing direction is critical. It can be seen in Fig. 16 that the LL
specimen shows the highest specific energy absorption 1.23 J/g
(absorbed energy per gram of material) and specific strength 5.69 MPa/
g-cm® (strength divided by density) over all other directions. When
compared to the 2D-ACCCs developed in [26,27,45] which was found to
have high specific energy absorption, the LL, FF and TT specimens still
achieved higher values.

The previous results have already demonstrated the dominative role
of the printing process and structural anisotropy on the mechanical
properties of the 3D-ACPC. For potential further application of the 3D-
ACPC, a proper scale-up strategy is also need to be further addressed.
There could be two potential upscale approaches. One is to propor-
tionally enlarge the unit cell, therefore, creating a larger structure from a
certain orientation as shown in Fig. 7. The overall mechanical behavior
of the upscaled structure should resemble the compressive response of
each unit cell elaborated in this study. Of course, the size effect of the
constitutive cementitious and polymeric material needs to be considered
under. In this case, the influence of printing directions is dominant in the
choosing the unit cell. Considering the mechanical performance, the
“LL” would easily be an optimal choice if other geometrical parameters
in Eq. (1) is still maintained. Another approach would be duplicating the
unit cells by multiple times. Then the overall mechanical properties
could differ significantly from the individual unit cells. It can be ex-
pected that the mechanical performance depends greatly on the spatial
arrangement, configuration and total number of the duplicated unit
cells, similar to other cellular composites. In this sense, the LL may not
necessarily be an optimal choice to create upscaled composites. The
second approach is extremely complicated, and the optimization strat-
egy of such composites remains to be investigated in future studies.

4. Conclusions

In the present work, an auxetic cementitious-polymeric composite
with architected three-dimensional cellular structure was developed
(3D-ACPC). The 3D-ACPC was fabricated by equipping 3D printed
polymeric shell with conventional cementitious filler. Compressive
behavior of the 3D-ACPC was studied by applying uniaxial compression
experiment. Specifically, the deformation behavior, stress-strain
response and energy absorption characteristics of the 3D-ACPC were
investigated. Based on the obtained experimental results, the following
conclusions can be drawn:

e The developed 3D-ACPC shows auxetic behaviour under uniaxial
compression (i.e., negative Poisson’s ratio) is obtained. The 3D-ACPC
achieved a typical three-stage compressive stress-strain response of
the auxetic materials.

e Due to the weak interfaces between the 3D printed layers, the in-
fluence of the ABS shell printing direction on the properties of 3D-
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Fig. 13. Deformation process of the LL and LF specimens approximately divided to three stages.
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Fig. 15. Stress-strain curves of the ABS shell from different loading directions,
note that the Y axis value is significantly lower than the 3D-ACPC in Fig. 8.

ACPC is significant. The compressive strength and energy absorption
are strikingly lower when the loading and printing direction is
different. The LF specimen (loaded from the “L” direction, printed
from the “F” direction) shows 92.33 % and 99.26 % lower
compressive strength and energy absorption than the LL specimen
(loaded and printed from the “L” direction).

The 3D-ACPC shows obvious structural anisotropy under uniaxial
compression. For specimens with identical loading and shell printing
directions, the highest compressive strength and energy absorption is
5.61 MPa and 77.80 J obtained by the LL specimen; while the lowest
is 3.24 MPa and 50.55 J obtained by the TT specimen.
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Fig. 16. Specific energy absorption against specific strength of the 3D-ACPC
from all nine directions, standard deviation is indicated; data of the P25, P50
is .

adopted from [26,27,45]

e Owing to the 3D cellular composite structure, the 3D-ACPC have
overcame the low deformability of sole cementitious mortar and the
poor energy absorption ability of sole polymeric shell, therefore,
exhibit significantly improved energy absorption ability. The LL
specimen achieved 2129 % and 71.21 % higher specific energy ab-
sorption than the cementitious mortar and ABS shell, respectively.

The developed 3D-ACPC shows good mechanical properties which
gives it great potential to be used in engineering practice. Still, perfor-
mance of the 3D-ACPC might be further improved by optimizing
structural parameters of the 3D cellular structure and tailoring cemen-
titious mixtures. In addition, the 3D-ACPC shows high energy absorption
ability under quasi-static load, while the dynamic response of the 3D-
ACPC remains to be studied. These aspects are worth of investigating
in future work.
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