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A B S T R A C T

Auxetic architected materials have been at the forefront of developing materials with a wide range of negative
Poisson’s ratios, tunable stiffness, and high ductility due to their novel deformation under uniaxial compression.
Despite that, the adoption of auxetic materials in load-bearing applications has been challenged by the
requirement that their bulk modulus is significantly less than that of the fully dense parent material. In this
paper, we study whether using the same mechanism that provides a negative Poisson’s ratio can be mimicked
in an interpenetrating phase composite to enhance its matrix’s peak strength and mechanical behavior. In
this case, a brittle matrix can be enhanced with a small volumetric fraction of an auxetic truss lattice. The
auxetic phase behaves as reinforcement, increasing the hydrostatic compression and confinement in the matrix
caused by the externally applied load and bridging matrix cracking. Our work is focused on rapidly prototyping
composites using a concrete/mortar matrix with 15-5 PH stainless steel auxetic truss lattice reinforcement. The
families of re-entrant bowtie and double pyramid truss lattices were manufactured using laser powder bed
fusion to study the effects of increasing the confinement pressure when embedded in composite mortar/steel
matrices. The results of the experimental program with LPBF-manufactured truss lattices tested under axial
compression embedded in mortar composites are presented and discussed. Analytical modeling is used to
decompose the effects of stiffness and Poisson’s ratio on the confining pressure generated by the reinforcing
phase. Numerical results on a perfectly bonded periodic unit cell of the composite material are illustrated,
presenting the auxetic confinement pressures for different characteristic angles of the architectures with a
maximum increase in confining pressure of 34.4%. Our findings reveal significant enhancements in ductility
and peak strength using the proposed scheme, with gains reaching up to 240% and 165%, respectively, when
compared to conventionally confined specimens and a non-rule-of-mixtures behavior in the composite.
1. Introduction

The advances that took place during the last two decades in the field
f advanced manufacturing [1–4], robotics [5], material science [6–
], software & hardware development have enabled researchers to
evelop architected materials and meta-materials with intentionally
uperior mechanical [9–12] as well as electromagnetic properties [13,
4]. The exploration of extraordinary properties in materials such
s negative Poisson’s ratio materials [9,15–17], high strength from
ano-scale materials [18–20], hierarchical multi-scale materials [21–
3], and tunable bandgap materials [13,24] has been significantly
ccelerated by progress in additive manufacturing methods in the last
ecade. At the same time, the widespread adoption of additive man-
facturing has led to lowering the manufacturing cost per part [25],
olstering rapid prototyping for industrial and research applications,
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and enabling engineers to manufacture intricate mechanical parts with
superior mechanical properties that were previously unattainable.

In the face of growing infrastructure challenges, accelerated by the
action of decaying infrastructure and climate change, the adoption of
the innovations seen in the aforementioned fields has been sluggish
in the field of civil infrastructure. Specifically, almost 40% of the
total yearly energy-related CO2 emissions originate from civil infras-
tructure [26]. The yearly investments in the sector were estimated to
be around 237 billion USD in 2021 [27]. However, the examples of
advanced manufacturing methods applied in the construction industry
are still very limited, mostly focusing on concrete 3D printing [28–
33], printing of non-ordinary Portland concrete mixes [34,35], and
proof-of-concept applications [36,37]. The adoption of architected ma-
terials in civil infrastructure and specifically in the design and detailing
https://doi.org/10.1016/j.conbuildmat.2024.139165
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Fig. 1. Conceptual schematic illustrating the increase in confinement pressure with the utilization of auxetic reinforced concrete in a reinforced concrete frame. The columns
re designed using the 𝜃 = 80◦ bowtie geometry throughout their height [37]. The beams are designed with a gradual gradient in their angles using both auxetic and convex
oneycomb architectures with a transition from 80◦ to 100◦, to harness the pressure generated by auxetic and convex unit cells in the compressive and tensile zones accordingly.
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of structural members has been challenged so far by the high cost
when compared to traditional methods [25] and the intricacy of the
interplaying mechanics involved in such an endeavor, that require
comprehensive studying of the composite mechanical behavior. Few
studies of architected material reinforced concrete elements exist [37–
41], however, without presenting a comprehensive experimental study
of different architectures and varying geometrical features.

In terms of its elastic properties, a steel-reinforced concrete member
can be studied as a composite section consisting of two phases with
different elastic moduli. The soft phase is the concrete/mortar phase,
while the hard phase is the reinforcing architecture, preferably made
out of steel to achieve high elastic contrast with the concrete/mortar.
In the elastic region and prior to concrete cracking, strain compatibility
can be assumed for both materials. Post-cracking stress relaxation is
present in the concrete phase until the yielding of the reinforcing
steel. In the case of reinforced concrete beams, the reinforcing steel
receives the tensile stresses in the tension zone, while compressive
reinforcement reduces cracks and increases stiffness. In the case of
reinforced concrete columns, the longitudinal reinforcing steel pro-
ides axial stiffness, while the transverse reinforcement provides shear
esistance and lateral confinement to the expansion of the confined
oncrete core. The flow of forces is assumed to follow the strut-and-tie
odel based on Ritter’s [42] and Mörsch’s [43] original truss model

pproach, which was later improved by Leonhardt, Rusch, Kupfer, and
thers [44]. Further study of the same model, including a rational
esign considering plasticity, was expanded by Marti, Mueller, and
chlaich [44,45].

Confinement of reinforced concrete increases the strength and duc-
ility of reinforced concrete columns and beams. It was first introduced
y Richart et al. [46], with Kent and Park [47] being the first to develop

analytical models based on large-scale experiments for beams and with
Sheikh & Uzumeri [48], Priestley, Park & Scott [49] and Mander [50,
51] creating analytical models for columns and Saatcioglu, Razvi [52]
and an abundance of other researchers who further expanded this work.
The ACI Code was largely based on these publications, which radically
changed how structural elements are designed in both seismic and
non-seismic areas.
2 
The same mechanism that provides stiffness, reduces cracking, and
supplies confinement to reinforced concrete members can be mimicked
with architected materials and further optimized and tailored to har-
ness the unique properties of architected material unit cells. Auxetic
materials, which are a class of elastic metamaterials, are cellular ma-
terials that possess the extraordinary ability to laterally contract and
densify more rapidly than conventional materials under the applica-
tion of compressive loads (conversely, auxetics expand laterally when
tension is applied to them). This unique behavior arises due to their
unique architectures [17], for which the geometric and topological
conditions have become well known [53]. The adoption of auxetic
materials inside interpenetrating phase composites (IPCs) has been
proven to generate greater confining pressure than their non-auxetic
counterparts, thus increasing the load-bearing capacity of IPCs under-
going large deformations [37]. The enhancement in confining pressure
that occurs inside IPCs can be explained by the superposition of passive
confinement generated by the reaction of the reinforcing phase resisting
he expansion of the concrete matrix and the auxetic confinement gen-
rated by the predisposition of the auxetic reinforcing phase to contract
aterally. From a civil infrastructure perspective, this mechanism can
e harnessed by the adoption of auxetic reinforcement to improve the
onfinement of a concrete column or beam (Fig. 1). The fabrication
f such truss reinforcement in the structure scale can be enabled
ia robotic manufacturing [54]. The design of joints able to rigidly
onnect such structural elements could utilize topology optimization
ethods [55]. Additional benefits, such as enhanced redundancy of

he distributed reinforcement and crack bridging, may occur from the
doption of architected materials as concrete reinforcement, depending
n the architecture used.

In this paper, we study the compressive behavior of auxetic ar-
hitected material reinforced interpenetrating phase composites (IPCs)
ith 2 different families of auxetic architectures and 3 different sets
f characteristic geometric parameters for each architecture. This work
ims to investigate the various mechanical behaviors that arise with

the tunability of auxetics inside IPCs through additive manufacturing
and rapid prototyping for potential future applications in reinforced
concrete civil infrastructure. First, through the means of computational
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nd analytical modeling, we identify the candidate auxetic designs
that generate the largest increase in confining pressures. Secondly,

e design and manufacture the proposed architectures using laser
owder bed fusion and a precipitation hardening 15–5 pre-alloyed steel
owder. We determine a mix design with adequate rheology to flow and
ompact inside the reinforcement phase satisfactorily to fabricate com-
osite experimental specimens. The prepared IPC specimens are tested
nder axial compression, and their stress–strain curves and deformation
odes are presented for each architecture. Finite element computations

re used to verify the experimental work, and additional models us-
ng conventional reinforced concrete designs are compared using the
ame volume fraction of steel as in the IPCs. Overall, a comparison
f the enhancement of the peak stresses and ductilities of auxetically
onfined concrete is provided for three different geometrical configu-
ations with varying elastic properties and Poisson’s ratios from two
e-entrant auxetic families and conventional confinement techniques.
ased on the experimental work, suggestions for future directions are
iscussed towards adopting architected materials in structural elements
f reinforced concrete civil infrastructure.

. Bare auxetic linear behavior and analytical prediction of con-
inement

To design auxetic material IPCs, a variety of novel auxetic archi-
ectures from the literature was considered [16,56–66]. The selection
f the most appropriate unit cell candidates was based on the man-
facturability (additive manufacturing on the small scale [17] and
easibility of robotic upscaling of the manufacturing process), the abil-
ty to generate unit cells with a wide range of elastic properties and
oisson’s ratios by varying the geometrical features of the architecture,
nd the low intricacy, nodal connectivity and openness of the unit cell
eometry for concrete/mortar to easily flow through the truss lattice
nd achieve satisfactory compaction of the matrix phase.

After considering these criteria, the two re-entrant families of the
uxetic bowtie honeycomb (BT) and double pyramid (DP) were se-
ected, with nodal connectivities of Z = 5 for bowties and Z = 5.333
or double pyramids. Both unit cells are tetragonal, with the bowtie
aving equal strut lengths 𝐿 for all the interior struts of its architecture
nd the double pyramid containing two groups of struts with lengths
f 𝐿1 and 𝐿2, with 𝐿1 > 𝐿2 [17]. For the numerical investigation and
anufacturing of the IPCs, a low unit cell relative density of 𝜌∗ = 5
was favored for several reasons. First, lower relative densities of <6
pertain to reinforced concrete civil infrastructure columns [67,68]

hich typically use volumetric reinforcement in the range of 3–5.5 %
n the non-critical areas when the volume of both longitudinal and
ransverse reinforcement is considered in the volume of the element.
on-typical heavily reinforced cross-sections can achieve volumetric

elative densities of 7% up to 9.5% [69]. Additionally, the manufactur-
ng of IPCs and the satisfactory compaction of the soft matrix phase are
nly feasible on a millimeter scale with low relative density truss lat-
ices. Thus, we investigate the enhancement of compressive properties
ith a small volumetric fraction of metal auxetic truss lattices added
s a reinforcing and confining scheme.

To extract the elastic properties of a variety of different geometrical
onfigurations of the selected architectures in order to determine the
eometrical features that exhibit the largest increases of confinement
ressure to the composite matrix, the bowtie and double pyramid
nit cells were analyzed with the Abaqus/Standard (Dassault Sys-
èmes) [70], using approximately 50,000–500,000 C3D10 tetrahedral
lements with quadratic shape functions (element count being geome-
ry dependent). Periodic boundary conditions were applied with the use
f a Python script to eliminate edge effects. The nine elastic constants
ere calculated and obtained from the simulations using the procedure

howcased by Yang and Becker [71] for orthotropic materials. The unit
ell finite element computations were conducted under the assumption
3 
f small deformations and linear material behavior with material prop-
rties following the typical values of 𝐸 = 200 GPa, 𝜈 = 0.3 for the
tainless steel bulk material.

Using the orthotropic elastic constants extracted from the unit cell
odels and 𝐸 = 4.4 GPa, 𝜈 = 0.18 for the concrete/mortar matrix phase,

he Voigt model implemented by Tzortzinis et al. [37] was used to
stimate the increase in confinement pressure 𝑝(𝑀) acting in the matrix
Fig. 2) due to the passive resistance and lateral contraction of the
uxetic truss. The matrix is assumed to be isotropic, with a reduction of
he matrix stiffness due to the small volume occupied by the truss lattice

calculated according to the Hashin–Shtrikman least upper bound [72].
Using this approach, the effective properties of the concrete/mortar
region surrounding the truss regions is taken as 𝐸 = 3.98 GPa, 𝜈 = 0.176.
Strain compatibility under axial compression is employed to split the
loads between the two phases.

The explorative finite element investigation results illustrate the
highest increase of confinement pressures in the lower range of trans-
verse moduli, roughly from 300 to 2000 MPa (Fig. 2). A correlation
between lower Poisson ratios and the increase in confinement pressure
can be observed in the case of the two-angle double pyramid family of
architectures, with the geometrical configurations achieving the largest
increases in confinement pressures exhibiting the lowest Poisson’s ra-
tios for their respective transverse moduli. For the bowtie architectures,
the highest increase in confinement pressures is achieved when 𝜃 < 80◦.
However, it has been shown that architectures associated with lower 𝜃
angles achieve lower peak stresses when tested in axial compression
outside of IPCs [17]. The relative increase in confinement pressures
is also expected to shift slightly in case the elastic moduli of the two
phases change. Six architectures were selected for the experimental
study to harness the increase of confining pressure originating from
highly compliant and lower Poisson ratio architectures. These archi-
tectures are the 𝜃 = 75◦, 𝜃 = 80◦, and 𝜃 = 85◦ for the one-angle,
three-dimensional auxetic bowtie family and the 𝜃1 = 15◦ & 𝜃2 = 45◦,
𝜃1 = 15◦ & 𝜃2 = 60◦, and 𝜃1 = 30◦ & 𝜃2 = 48◦ for the two-angle double
pyramid family. These architectural configurations represent increases
of confining pressure > 20% and a wide variety of transverse and axial
moduli while also providing directly comparable results to previous
studies of bare truss lattices [17].

The elastic contrast between the composite matrix, which is as-
sumed to have a Poisson’s ratio of 𝜈𝑀 = 0.18 from the literature,
and reinforcing truss lattices allows the development of a mismatch
transverse strain 𝜖𝑚 = 𝜖(𝑇 )𝑡 − 𝜖(𝑀)

𝑡 between the two constituents of
the IPC. In the equation above, 𝜖𝑚 is the mismatch strain, 𝜖(𝑇 )𝑡 is the
transverse strain of the truss lattice, and 𝜖(𝑀)

𝑡 is the transverse strain of
the cementitious matrix. This mismatch of transverse strain generates
an additional auxetic confining force on the IPC in the elastic regime
and under the assumption of small deformations, where strain compati-
bility is enforced under the assumption that the two phases remain fully
bonded. For the case of a convex honeycomb with 𝜃 = 100◦ bowtie, the
elastic mismatch vanishes, and thus the auxetic confinement vanishes
since 𝜈(𝑀) = 𝜈(𝑇 ) ≈ 0.18, and similarly, for a convex unit cell or a
non-auxetic reinforcing architecture of 𝜈 > 0.18, strain compatibility is
expected to reduce the confinement pressures acting upon the matrix.

3. Materials & methods

3.1. CAD modeling and manufacturing of stainless steel truss lattice speci-
mens

To study the behavior of the selected truss lattice architectures in
IPCs, modeling and manufacturing of finite-sized truss lattice archi-
tectures was performed. The finite-sized truss lattices were designed
with tessellation sizes > 4 across every dimension to minimize the
edge effects of the boundaries. The unit cell relative density was kept
constant at 𝜌∗ = 5%, while the specimen dimensions were kept as
close as possible to 2 × 2 × 2 in. to maintain close compatibility with
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Fig. 2. Finite element results from a broad survey of bowtie and double pyramid architectures with different geometries. The unit cells of both the bowtie and double pyramid
rchitectures were analyzed using periodic boundary conditions for a variety of characteristic angles (𝜃1 and 𝜃2 for the double pyramids and 𝜃 for the bowties). The Poisson’s ratio

is plotted against the transverse modulus of the bare trusses. The confining pressure of the interpenetrating phase composites exhibits an increase near the lower boundaries of
the data points presented, where the lower Poisson’s ratios are achieved for each architecture.
the ASTM C109/C109M standard [73], which is utilized to measure
the compressive properties of the cementitious matrix. The dimensions
and specifics of each of the fabricated six architectures are presented
in Fig. 3. The boundary edges of the specimens were designed and

anufactured with full-diameter beams. A total of 18 truss lattices
were manufactured for testing inside IPCs, with three repetitions out
of each one of the six selected architectures. The procedure outlined
by Vitalis et al. [17] was precisely followed using the same specimen
dimensions, manufacturing methods, configuration, software resources,
and equipment. The parametric design of the architectures took place
in Rhino 7, with additional post-processing and preparation for additive
manufacturing in Solidworks [74,75].

The laser powder bed fusion additive manufacturing method was
selected for the fabrication of stainless steel truss lattices that exhibit
adequately high elastic contrast with a cementitious matrix. For the
abrication of the specimens, a precipitation hardening 15–5 stainless
teel pre-alloyed powder was used (EOS PH1), which exhibits excellent
echanical properties for general engineering applications. The stain-

ess steel alloy was used in the EOS M290 selective laser melting metal
3D printer. The exposure settings used in manufacturing were derived
from previous manufacturing studies [17]. For the infill, 320 W and a
laser speed of 1300 mm/s were used, yielding a VED of 68.38 J∕mm3.
Similarly, for the upskin 225 W and 841 mm/s were used, and for
the downskin 315 W and 2700 mm/s, both yielding 74.32 J∕mm3 and
36.46 J∕mm3 accordingly. The selected layer recoating thickness for the
process was 40 𝑢𝑚 and hatch distance was 0.09 mm. The specimens were
removed from the manufacturing base plate with the use of a Wire EDM
machine. No additional post-manufacturing treatment ensued, and the
as-built truss lattices were embedded in interpenetrating phase com-
posites right after manufacturing. The inherent surface roughness of
as-built parts manufactured using laser powder bed fusion is desirable
in IPCs due to its ability to enhance the bonding of the two phases,
similar to the ribs and lugs present in conventional structural steel
rebar.
4 
3.2. Cementitious mortar matrix mix design

To study the improvement in the confinement in the case of auxet-
ically reinforced IPCs, a cementitious mortar matrix was favored due
to its superior mechanical properties compared to hydraulic lime or air
lime mortars. It should be noted that conventional concrete structures
are expected to achieve superior stiffnesses compared to sand–cement
mortars [76]. Additionally, a lower effective stiffness of the reinforcing
phase is expected, owing to the inherent anisotropy in the additive
manufacturing of thin features with steep overhanging angles [17,77].
However, rapid prototyping using metal additive manufacturing and
cementitious mortars can assist the study of the fundamental mechanics
that arise in IPCs.

For determining the mix design composition of the cementitious
mortars used for the composite matrix, an iterative approach was used
to fabricate a finely tuned mortar with satisfactory flowability, which
can effectively be compacted to avoid the presence of voids and gaps
inside the matrix. The addition of a medium/high-range water-reducing
agent was necessary to manufacture a mix that could flow inside
every steel lattice. For that reason, the truss lattice prototypes were
manufactured using polyamide 12 (nylon PA-12) in the EOS Formiga
P110 Velocis to test a variety of mix designs and water-reducing agent
variations (Step 1, Fig. 4). The molds used for casting the variable-
sized truss lattices were manufactured using a commercial Ender S1
Plus FDM 3D printer and PLA filament, with extrusion temperature of
200 ◦C ± 1◦ and a glass build bed with a temperature of 60 ◦C ±
1◦, with a 0.4 mm nozzle and layer thickness of 0.28 mm. The design
of the molds is similar to the ASTM C109 2 in. molds with different
dimensions from each other to accommodate the variable dimensions
of the truss lattices with constant unit cell relative densities of 𝜌∗ = 5%.
The wall thickness of the molds was designed to be approximately
0.84 mm, and a ∼1 mm tolerance was left on every side to allow
shrinkage.

The mortar’s composition and mix procedure followed the ASTM
standards and previous work as closely as possible [37,73,78]. The
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Fig. 3. Tessellations of the selected architectures with a constant periodic unit cell relative density of 𝜌∗𝑈 𝐶 = 5%, as designed in the CAD software. All unit cells are tetragonal. The
s-built relative density slightly varies from 5% due to the different effects of the edge boundary conditions on every architecture. 𝑃𝑐 indicates the relative percentage of increase

in confining pressures from the exploratory finite element simulations for each one of the selected architectures (Fig. 2). The bowtie architectures maintain a constant strut length
of 𝐿 inside the tessellation, with their top & bottom boundary struts being 𝐿∕2. The double pyramid architectures have struts of two different lengths: the long ones (𝐿1), which
re inclined closer to the vertical Z direction, and the short ones (𝐿2), which are inclined closer to the XY plane.
a
t
a

able 1
ortar mix design based on modification of the ASTM C109/C109M, the standard test
ethods for the compressive test of hydraulic cement mortars. [73]. A slight increase

n water-reducing agent was required to achieve satisfactory penetration of the mortar
or every architecture compared to Tzortzinis et al. [37].
w/c ratio: 0.485 This work ASTM C109/C109M

Fine sand (g) 1375 1375
Portland cement type I/II (g) 500 500
Water (mL) 220 242
Plastol 341s (mL) 33 –
Total batch (g) 2128 2117

batch size was kept at the proposed equivalent of six 2 in. specimen
batch from the ASTM C109 to ensure adequate mixing and hydration
of the mortar inside the 5-quart (4.73 L) mixing bucket. The mix design
used finely graded pit sand ranging from 0.125–0.710 mm (with a
𝑆 𝐺𝑑 𝑟𝑦 = 2.69 and water absorption=1.6% per ASTM C128-22 [79])
and Quickrete Type I/II portland cement (𝑆 𝐺𝑑 𝑟𝑦 = 2.6 − 3.15) [80].

he mortar compaction took place on a vibration table utilizing vari-
ble numbers of 60-second increments for each architecture (4 to 8
ncrements depending on the volume of the architecture) until every
pecimen was successfully compacted. The mortar was mixed using
5 
 handheld industrial mortar mixer, following the steps described in
he ASTM C305 specification and approximately following the slow
nd medium speeds of 140 and 285 rpm [78]. The permeability of

each specimen due to the differences in their architecture affected the
difficulty of mortar compaction. Specimens with unit cells that avoided
sharp re-entrant angles and were closer to forming cubic gaps were
significantly easier to compact. The nylon specimens were left to cure
for 24 h in their molds inside a saturated curing chamber at 75 ◦ F ± 2◦
and for another five days, saturated in water. On the 7th day, they were
sectioned with a cutting wheel in three pieces each to ensure no large
voids were present in the matrix (Steps 1 to 2, Fig. 4). Additionally,
plain mortar specimens were tested under axial compression to ensure
the mix design’s compliance with the 10.9% deviation delineated by
ASTM C109/C109M [73].

The final mortar mix design used for manufacturing the IPCs is pre-
sented in Table 1. After the determination of the mortar manufacturing
protocol, the molding of the steel IPC specimens took place (Step 3,
Fig. 4). The weight of each specimen was monitored to match or exceed
the predicted weight needed to fill the matrix for each architecture.
Multiple batches were cast using the same mortar protocol to prepare
all 18 IPC specimens. The density of the plain mortar ASTM C109 2 in.
cube was, on average, 2.34 g∕cm3 with a std. deviation of 0.031. Inside
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Fig. 4. Fabrication sequence for the mechanical testing of steel IPCs. 1. The mortar mix design is revised using nylon truss lattices to achieve satisfactory flowability and adequate
enetration of the truss lattice specimens. Mold fused deposition modeling (FDM) manufacturing is commenced, and the molds are also tested with the nylon truss lattice composites.
. Sectioning of the specimens verifies the absence of large macroscopic pores. 3. Once the mortar mix and design protocol are finalized, the steel truss lattice IPCs are cast. 4.
he steel IPCs are cured in a temperature and humidity-controlled environment. 5. The IPCs are tested under axial compression after 28 days of curing (the rigid plates at the
op and bottom are visible).
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he steel-reinforced IPC specimens, the average mortar density was 2.41
∕cm3 and the std. deviation was 0.052, which can be attributed to
lightly higher compaction due to the vibration of the metal lattice
n the matrix. The steel IPCs were cured for 24 h in their molds in a
aturated curing chamber at 75 ◦ F ± 2◦ and were immersed in water
fter 24 h for 27 days (Step 4, Fig. 4). On the 28th day, the specimens

were removed from the water, sanded to avoid edges that can cause
strain concentrations, and tested in a saturated condition under axial
compression (Step 5, Fig. 4). In addition to the composite IPCs, five 2
in. cubic ASTM-compliant plain mortar specimens were manufactured
to study the properties of the cementitious mortar matrix present in the
IPCs.

4. Experimental & computational results

4.1. Experimental testing of IPCs

For the quasi-static mechanical testing of the interpenetrating phase
composites under monotonic axial compression, the same experimental
setup as in the previous work by Tzortzinis et al. [37] was used. The
specimens were tested monotonically under axial compression using a
displacement-controlled method and ∼1.0 mm/min displacement rate.
Two Novotechnik 100 mm linear potentiometers with a 0.002 mm
repeatability were mounted on a Forney 400 high-stiffness frame, with
an Omega 2.5D through hole 100,000 lbf load cell placed under the
plate to record the applied force. The measured displacement was the
average of the two linear potentiometers. For the data acquisition, a
 h

6 
DataQ Instruments DI-710 data logger was used along with a Vishay
3 strain indicator and recorder, both synchronized at a recording rate
f 1 Hz per channel.

First, five unreinforced ASTM 2in. cementitious mortar specimens
re tested to determine the mechanical properties of the matrix phase.
he results of these experiments are later used as a probe into the
tatistical variability of the mortar between different batches and to
alibrate the mortar material in computations (Fig. 5). Next, exper-
ments of 18 IPC specimens in axial compression follow using the
etup earlier described. Out of these specimens, 17 IPCs are tested in
heir primary testing direction Z (Figs. 3 and 6), while one is tested
n the secondary X/Y direction to provide experimental evidence of
he difference between the two (Fig. 8). During the testing procedure,
mages were taken at approximately 3 fps using a Canon 80D DSLR
amera to document the experiment process and report findings of the
pparent failure modalities of the composites (Fig. 7).

.2. Results-discussion

The unconfined mortar specimens present a slight variability of
eak stresses and strains (Fig. 5), which can be explained by the
ifferent batches that were cast using the same mix design (Table 1)
o manufacture all the samples. This variability is also carried over to
he results of the experimentally tested IPC specimens (Fig. 6). The
ffect is pronounced in the cases of the 85 bowtie and the 15–60
ouble pyramid architectures due to the presence of the lowest and

ighest matrix strengths in their batches, respectively. The inclusion of
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Fig. 5. (a). Stress–strain curve analysis for the five (A1–A5) unreinforced ASTM 2in. cementitious mortar cubes with siliceous pit clayish sand and a binder-to-aggregate ratio of
.36. and (b). The measured elastic modulus metrics for the same set of specimens.
o
7
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m
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ll specimens in one batch can reduce the in-batch variability of the
ortars.

The results of the mechanical testing of the six IPC architectures
nder axial compression (Fig. 6) illustrate a remarkable increase in
he peak stresses (from 175% for the 15–60 double pyramid to 378%
or the 85-degree bowtie) and ductilities (in the range of 107% for
he 15–60 double pyramid to 467% for the 80-degree bowtie) of
he specimens for the auxetically confined schemes compared to the
xperimental results of the unconfined mortar specimens (Fig. 5). Four
ain mechanisms can describe the improvement in the mechanical

esponse of the auxetically confined composites: 1. The combination
f passive and auxetic confinement forces developing due to the strain
ismatch of the two phases. This mismatch strain is expressed as

𝑚 = 𝜖(𝑇 )𝑡 − 𝜖(𝑀)
𝑡 , and for sufficiently small loads in the elastic region,

t generates the confining pressure 𝑃𝑐 exerted by the struts of lattice
o the surrounding mortar via the 45◦ angle arching stress mechanism
escribed by Mander et al. [51]. Thus, the effectively confined matrix
ore is formed for each architecture. 2. A transition of the architectures
rom bending-dominated to stretching-dominated [82,83] due to the
resence of the composite matrix is observed, limiting bending inside
he trusses. Consequently, the reinforcing auxetic truss lattice phase in-
ide the interpenetrating phase composite leads to increased hydrostatic
ompression of the matrix, 3. Additionally, the dense, thin struts that
onstitute the reinforcing phase of the IPC assist in crack bridging in
 similar manner that is exhibited in fiber-reinforced concrete (FRC),
hus stopping rapid crack propagation that would be exhibited in an
nreinforced specimen [84]. This mechanism also affects the post-peak
ehavior and the ductility at the post-peak region [85]. Eventually,
trut/matrix debonding takes place, followed by tensile failure of the
ebonded struts. The crack-bridging effect can be further studied by
xamining various tessellation sizes with similar relative densities 𝜌∗,
hich can be achieved via varying strut thicknesses 𝑡, to observe the

rack-bridging behavior of various numbers of struts in a lattice under
xial compression, 4. The additional strength and stiffness provided by
he reinforcing phase itself can be tailored by altering the geometrical
arameters and architecture of the reinforcement. The final mechanical
roperties of the composite rely on a combination of changes in the
ffective lateral pressure 𝑃𝑐 acting upon the matrix (Fig. 3), the ultimate
trength and the stiffness of the reinforcing phase [17], and the vertical
pacing of the almost horizontal (laterally confining) struts, which
roduce arching confining stresses upon the matrix similar to those that
re produced by conventional hoops [51].

The gain in terms of peak stresses and ductility due to the auxetic
onfining scheme is larger for all three bowtie architectures compared
o the double pyramid architectures. Significant differences are also
resent in the deformation modes between the specimens (Fig. 7) . The
owtie architectures place their close-to-horizontal inclined struts un-
er significant tension, which is observable with the lateral expansion
 l

7 
f the specimen before the first load drop. Fracture initiation for the
5-degree bowtie is exhibited as a vertical tensile failure plane of a
eries of struts, followed by a progressive failure of nearby struts in
n ‘unzipping’ manner. For the 80 and 85-degree bowtie, the same
echanism of tensile failure is observed. However, the failure planes

re inclined in these two cases. Videos delineating the failure modes
entioned above have been included as supplementary information.

The 15–45 and 15–60 double pyramid IPCs exhibit different failure
modes due to the shape of their unit cells, facilitating a larger aspect
ratio, which leads to larger distances between the lateral constraint
struts, thus increasing unit cell slenderness (Fig. 3). The increased
unit cell slenderness for these architectures leads to premature buck-
ling of the exterior layer of struts (Fig. 7). Furthermore, the fewer
close-to-horizontal struts present in those architectures provide fewer
opportunities for the arching confinement stresses to transfer to the
matrix effectively under 45◦ angles. In the case of the 15–45 double
pyramid, a combined tensile and buckling failure is observed, while
the 15–60 architecture illustrated buckling and collapse of the upper
layers of unit cells without exhibiting a significant amount of tensile
fractured struts. On the contrary, the 30–48 double pyramid architec-
ture exhibited a failure mode similar to the bowties, with the tensile
splitting of the struts in vertical failure planes being dominant. These
findings present a pattern in which the two architectures with the
highest transverse moduli (85 and 80-degree bowties) facilitated tensile
failure modes with inclined failure surfaces, the architectures with in-
termediate transverse moduli (75-degree bowtie and the 30–48 double
pyramid) exhibited tensile splitting fracture parallel to the testing axis
failure planes and the most compliant architectures presenting a mix
mode buckling failure. However, this does not necessarily imply direct
causation since the failure modes are also heavily dependent on the
unit cell shape and aspect ratio.

Despite the expected in-group variability, conclusions can be reached
on the compressive performance for every architecture. The ultimate
strains and elastic moduli present slight variations between the samples
in a consistently narrow range of values, similar to the unconfined
mortar specimens (Fig. 5). After casting the specimens, and only in the
case of the bowtie 75, a ±1 mm deviation in the top surface height
for two out of three specimens was observed, leaving the struts of the
top surface partially exposed. This was due to the large volume of the
specimen, leading to increased shrinkage during curing compared to
the smaller specimens. These 75-degree specimens experienced some-
what reduced ductility despite reaching peak stresses similar to those
of the third specimen (Fig. 6). The influence of boundary WEDM cuts
ould also affect the response of the IPCs, but in the absence of severe
efects, the influence of support cutting is expected to be statistically
nsignificant. No significant defects were reported in any of the truss
attices tested in this work.
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Fig. 6. Stress–strain curves of auxetic reinforced composite experiments and computational simulations for both bowtie and double pyramid architectures. The yield points are
etermined using the 3/4 method discussed in Section 4.5 [81]. The average peak stress of the unconfined mortar matrix is presented with a horizontal dotted line. A remarkable
ifference between achieved peak stresses is noticeable between the two architectures, with the bowties achieving significantly higher peak stresses and ductilities compared to

the double pyramids. Both auxetic reinforcing schemes enhance the confinement of the mortar matrix, exhibiting a notable increase in the compressive properties compared to
nconfined specimens (Fig. 5). Computational simulation results are presented using a constant matrix strength equal to the observed mean value of unreinforced matrix strengths
43.29 MPa).
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In addition to the results of the bowtie architectures tested on their
 axis (Fig. 3), one of the 80-degree bowtie specimens, which was de-
igned to be almost cubic, was tested rotated 90◦ to its side to compare
he specimen’s response in its weaker axis (Fig. 8). This experimental
omparison was particularly interesting to observe potential variations
n the mechanical behavior on the specimen in different axes, since
he bowtie architectures are auxetic in both orientations, contrary to
 n

8 
he double pyramid architectures. An initial softening was observed for
he specimen tested on the X/Y orientation, which can be attributed to
racking/crushing of thin mortar layers at the top/bottom perimeters
ntil contact of the metal truss lattice with the compressive platens is
ully developed. A 24.7% decrease in the peak stresses was observed
hen the specimen was tested on its weak orientation X/Y, with
o significant alterations in its stiffness or post-peak behavior when
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Fig. 7. Images taken in the post-peak region of all the experimentally tested auxetically reinforced composites. Failure modalities are categorized by background color. Blue
ndicates vertical failure planes, yellow indicates inclined failure planes, and red indicates areas of buckled external struts. The images were taken after the collapse of the thin
xterior layer of mortar between the boundaries of the truss lattice and the mold. (For interpretation of the references to color in this figure legend, the reader is referred to the
eb version of this article.)
Fig. 8. (a) Stress–strain curves of two testing orientations of the 80-degree bowtie specimen. The primary testing orientation (strong orientation) studied in this paper illustrates a
27.5% average increase in the peak strength of the specimen when compared to the alternative 90◦ orientation without significant alterations in the stiffness or post-peak ductility
of the specimen. A similar response is expected from other bowtie architectures. (b) The failure mode of the 80-degree bowtie at large strains in the post-peak region. Two inclined
failure planes can be observed, leading to the splitting of the composite.
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compared to its counterparts tested in the primary 𝑍-axis direction.
This proved further that the optimal orientation was selected during
the experimental study of the bowtie IPCs.

4.3. Computational validation of experiments

A finite element analysis of the mechanical models was performed
using Abaqus/Explicit [70] to validate the experimental results. The
modeling approach remained the same for all the finite-sized sim-
ulations performed. The auxetic truss lattice is meshed using C3D4
tetrahedral elements, and the mortar matrix is simulated using C3D8R
hexahedron brick elements with reduced integration. The mesh prop-
erties of each computational model can be found in Table 2. The
9 
approximate element size remained the same for each model, and
the resulting number of elements varied according to the composite’s
spatial complexity and physical dimensions. The composite behavior
was modeled by defining an embedded region constraint between the
uboid matrix (host elements) and the solid truss lattice (embedded
lements). Equivalent material models were developed based on ex-
erimental data, including build-angle anisotropy effects. The elastic
oduli used were 4396 MPa (mean of measurements) for mortar

Fig. 5), 140 GPa for the bowtie architectures, and 75 GPa for the
double pyramid architectures considering the anisotropy of inclined
printed thin members induced by the LPBF manufacturing process [17].

o model the plastic properties of the mortar, a concrete damage
lasticity model was employed using a dilation angle 𝜃𝑑 𝑖𝑙 = 40◦, eccen-

tricity of 0.1, 𝑓 ∕𝑓 = 1.16 and 𝐾 = 0.666. The inelastic properties
𝑏0 𝑐0
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Fig. 9. Von-Mises stresses contour maps isolating the truss lattices in the composites and delineating the locations of the first fractured element in each composite architecture
rom the finite-sized simulations. For every architecture, fracture initiates on the free surface of the truss lattice on diagonally inclined struts close to the horizontal direction. The

figure presents contour maps right after the peak stress location for each architecture. Significant differences between the stress distributions can be observed between the two
rchitectures, with the bowties reaching higher hydrostatic stresses, leading to increased load-bearing capacities. The dark blue areas indicate elements that have exceeded their
eak strength in the plastic region and are experiencing softening before fracture . (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)
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n compression were derived from the mean measured experimental
alues with a peak at 43.29 MPa, while the tensile properties were
10% of the compressive values. The effective plastic law of the steel

russ was defined as 850 MPa at first yield (0 plastic strain), 1050
Pa at 0.06 plastic strain, 850 MPa at 0.085 plastic strain, and 1
Pa at 0.135 plastic strain (𝜖𝑝𝑙), which approximates the loss of load

arrying capability due to fracture. A ductile damage material model
as also employed to alleviate convergence issues related to strain

oftening behavior of the plastic flow curve. The strain to failure for
russ lattices in the IPCs was set to 0.14 of total strain (𝜖𝑡𝑜𝑡 = 𝜖𝑒𝑙+𝜖𝑝𝑙) for
 stress triaxiality of 0.33. The finite element mesh is not sufficiently
efined to resolve the large strain and triaxiality gradients that exist
ust prior to fracture, therefore these values are interpreted as averages
ver comparatively large volumes of materials in a manner that is
10 
consistent with the mean fracture strain from the powder specifica-
ion and the experimentally attained material testing data for inclined
hin strut features in tension [17]. Element removal due to ductile
amage took place at displacements at failure that yielded 0.18 of
otal strain. Constant displacement was applied monotonically using
nalytical rigid plates with a friction coefficient of 𝜇 = 0.2 to model the
angential behavior between the steel base plate and cementitious sand
ortar [86]. Computations were run up to displacement a little past the
eak since the assumption of fully bonded phases stops being realistic

for fully fractured cross-sections. In the experiments, this is observed
with the collapse of the outside layers of struts shortly before the peak
region and the separation of the struts from the matrix in the post-
peak regime (e.g., buckled struts). Specifically, the maximum applied
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Fig. 10. Schematic of conventional reinforced concrete column detailing. The presented designs were constructed with similar relative densities 𝜌∗ and dimensions to the ones
f the experimentally tested auxetic specimens (Fig. 3) and were simulated to assess and compare the performance of each confinement scheme, using the same computational
arameters that were used for simulating the IPCs as a baseline.
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able 2
inite element computation mesh properties. The mesh dimensions are shown for the
etrahedral and hexahedral elements used for the truss and matrix. The average element
ize used was similar between the analyses. The resulting element number differed
ased on the spatial complexity of each structure.

Truss (C3D4) Matrix (C3D8R) DOFs

Tet Size Element # Hex Size Element #
BT 75 (4 × 4 × 6)

0.4 mm

22.21E+5

0.9 mm

198E+3 243E+4
BT 80 (4 × 4 × 5) 24.00E+5 202E+3 248E+4
BT 85 (4 × 4 × 5) 21.12E+5 212E+3 230E+4
DP 15-45 (5 × 5 × 4) 21.36E+5 210E+3 232E+4
DP 15-60 (5 × 5 × 4) 20.60E+5 195E+3 221E+4
DP 30-48 (5 × 5 × 7) 23.60E+5 222E+3 253E+4
Conv 9.50E+5 212E+3 147E+4
Conv-Rect 15.40E+5 212E+3 195E+4
Conv-Rhomb 9.80E+5 212E+3 149E+4

compressive displacements are 5.5 mm for the bowties and the 30–48
ouble pyramid and 2.75 mm for the other two double pyramids.

The computational results present good agreement with the exper-
ments of every architecture (Fig. 6), given the range of mechanical
haracteristics each individual specimen’s matrix exhibits. Agreement
etween the typicalities of the failure modes in both experiments and
imulations is also observed. For the case of the 80-degree bowtie and,
o a lesser extent, for the 75-degree bowtie, the finite element analysis
uggests that the cementitious matrix of the experiment has lower

strength than the average properties used in the simulations. Such
ariance is expected since ±12.7% uncertainty was observed in matrix
easurements. For all other specimens, the predicted peak strength is

n close range of experimentally tested results.
Utilizing the finite element analysis results, the localized failure

nitiation of each truss lattice has been characterized and described
Fig. 9). The first fracture is always concentrated on the horizontal
lements on one of the free surfaces of each specimen, with damage

propagating through the nearby horizontal struts of the first fractured
element. The Von-Mises stresses contour maps of the bowtie architec-
tures indicate much higher peak stresses and strains throughout the
architecture when compared to the double pyramids. Therefore, the
 d

11 
Table 3
Drawing details of the three conventional column confinement schemes to achieve
relative densities close to the relative densities of the IPCs (5.59-6.05%, Fig. 10). The
first three hoops are placed with spacing of s = 2 mm/4 mm/4 mm from each other
to ensure failure in the middle of the specimens.

Perimetrical
hoops

Perimetrical +
Rectangular hoops

Perimetrical +
Rhombical hoops

Longitudinal rebar
spacing (mm)

16 16 16

Transverse rebar
spacing (mm)

6 6 6

Longitudinal rebar
diameter (mm)

1.65 1.4 1.45

Transverse rebar
diameter (mm)

0.7 0.7 0.7

spatial arrangement of the bowtie architecture is significantly more
fficient at dissipating energy and uniformly distributing the stresses
nside the lattice before failure, achieving a closer-to-hydrostatic stress
istribution.

.4. Comparison with conventional confinement schemes

Three conventional column confinement detailings were designed to
roduce comparable specimens to the auxetic truss lattices to further
ompare the auxetic confinement scheme with traditional confinement
chemes used in the reinforced concrete construction practice. The
elative density and specimen dimensions of these specimens (shown in
able 3 and Fig. 10) were designed to resemble the auxetic truss lattice
pecimens. Rebar diameters and spacing were designed to achieve a
ragmatic design that maintains a transverse-to-longitudinal diameter
atio of 1:2, combined with achieving relative density constraints and
pacing that was denser near the ends to avoid localized end failures.
ell-studied confinement configurations from the literature inspired

he designs [48,49,52,67,87]. Computational models were developed,
tilizing these architectures in composite cuboid sections, to determine
heir effectiveness in confining concrete. These models used the same

efinitions presented in the previous finite-sized IPC computational
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Fig. 11. (a) Stress–strain curves of simulated conventional reinforcing schemes (Fig. 10 and Table 3), with the failure progression being delineated. All conventional architectures
exhibit rapid hoop fracture and strength loss after the fracture of the first hoop. (b) Von-Mises stresses contour maps isolating the conventional composite steel detailing and
presenting the locations of the first fractured element in each composite architecture from the finite-sized simulations. For every design, fracture initiates after buckling of the
longitudinal reinforcement and localizes in the lateral hoops, confining the middle part of the column.
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models, which were successfully used to validate the experimental
results for the entire range of IPC architectures. The elastic moduli used
for simulating the conventional architectures was the typical 200 GPa
used for reinforcing steel rather than a reduced value caused by laser
owder bed fusion-induced anisotropy. The transverse and longitudinal
einforcement was designed to be monocoque, assuming adequate tying
f the lateral hoops and fracture due to yielding instead of slippage.

All three conventional confinement schemes exhibit the same ex-
ected failure mode [48,52,67]. The compressive failure of the column
s initiated with the yielding of the longitudinal reinforcement bars,
ollowed by the buckling of the yielded longitudinal reinforcement
ombined with the expansion of the effectively confined matrix core.
his leads to the rapid increase of stresses of the lateral confining hoops

n the center of the column. Eventually, yielding and fracture of the
entral hoops ensues, and progressively, stress redistribution leads to
racture of the neighboring hoops, leading to the compressive failure
f the column (Fig. 11).

The computational comparison of the auxetically reinforced spec-
mens with the conventional confinement schemes illustrates a clear
uperiority of the bowtie-confined specimens in terms of peak stress
nd ductility (Fig. 12). All bowtie IPCs exhibit similar peak strains and
lightly varying peak stresses. On the other hand, the double pyramid
rchitectures exhibit slightly worse mechanical characteristics than the
onventional reinforcement strategies for the two architectures (15–45

nd 15–60 double pyramids) with buckling-dominated failure modes.

12 
nterestingly, the 30–48 double pyramid architecture exhibits a much
ore ductile failure than any other conventional or double pyramid
esign. This could be attributed to the tensile splitting failure mech-
nism that is activated in the 30–48 double pyramid, while all other
forementioned architectures experience buckling-induced failures.

In terms of stiffness, the 80, 85-degree bowtie, and the 30–48 dou-
le pyramid present stiffnesses statistically similar to the unconfined
pecimen (94% to 106%), while the 75-degree bowtie, the 15–45, and
5–60 double pyramid architectures illustrate higher axial moduli (in
he range of 139% to 163%). All conventional architectures present
ignificantly higher axial moduli due to a larger volumetric proportion
f their reinforcement contributing to carrying the axial load. A non-
ule-of-mixtures behavior is observed both in terms of the observed
tiffnesses and peak stresses for the auxetically reinforced specimens
 the architectures that demonstrate the highest stiffnesses and peak

stresses as bare trusses [17] do not achieve the highest stiffnesses and
peak stresses when embedded in mortar. This behavior is a conse-
quence of the transition of the IPCs from a bending-dominated to a
stretching-dominated response [37].

An investigation of the effective Poisson’s ratio for the IPCs in
the early stages of loading has revealed a reduction in most spec-
imens’ Poisson’s ratio due to the presence of auxetic and conven-
tional reinforcement strategies compared to the unconfined specimens
(Fig. 13). While this reduction does not strictly correlate with the
observed enhancement percentages of the mechanical properties, spec-
imens that exhibit the largest enhancement also exhibit the largest
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Fig. 12. Stress–strain curves of all computations run with a mean peak mortar strength of 43.3 MPa to isolate the effect of mortar variability within different batches. Results for
he conventional architectures are presented with solid lines, and compared to the auxetic reinforcement scheme. All reinforcing architectures achieve significant improvement in

the compressive properties of the composite. The double pyramid architectures achieve a similar increase of the peak loads as the conventional reinforcing scheme. The bowtie
architectures present much higher peak stresses and strains, with large work dissipation in the elastic and plastic regions.
Fig. 13. Poisson’s ratios 𝜈 progression at the elastic region and yield for the unconfined, auxetically, and conventionally confined specimens. The presence of reinforcement
emarkably affects the effective Poisson ratio of the composite section, with architectures that initially exhibit lower Poisson ratios generally achieving higher peak loads and

higher ductilities. The bowtie architectures present a better non-linear response compared to the double pyramids, which quickly, after 0.005 of strain, enter the non-linear region.
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decrease in their effective IPC Poisson’s ratio. Specifically, the 75-
degree and 80-degree bowties exhibit the lowest Poisson’s ratio at
the beginning of loading, followed by the 85-degree bowtie and 30–
8 double pyramid architectures. Higher values of Poisson’s ratios are

exhibited from architectures with buckling-dominated failure modes,
such as the conventional and the 15–45 and 15–60 architectures. The
unconfined specimens present a constant Poisson’s ratio up to their
yielding point (0.0085 strain), while the composite and reinforced
specimens present an increasing Poisson’s ratio due to the presence
of geometric non-linearities within the reinforcement during strain
progression. A decrease in the Poisson’s ratio of the conventionally
confined columns is also observed, with a distinct elastic range of up
to 0.005 of strain. Overall, when looking at the ratio at different strain

progressions, the composite specimens’ Poisson’s ratios can serve as a t

13 
proxy that indicates stress states that mitigate the failure of the matrix
via employing the mechanisms mentioned in Section 4.1.

4.5. Ductility

To assess the ductility of the experimentally confined members, the
method proposed by Foster and Attard [81] was used to calculate the
uctility indices 𝐷𝑐 , 𝐼5&𝐼10. To calculate the ductility indices, the yield
train is determined using the 3∕4 method. Then, the combined ductility
atio 𝐷𝑐 is derived from the division of the strain at which 85% of the
eak strength is reached in the post-peak region, with the yield strain
q. (1). The combined ductility ratio assists in assessing the near-peak
uctility capacity of the structural member. Furthermore, the energy
uctilities 𝐼5 and 𝐼10 are evaluated by the division of the area A under
he force-strain curve at the point of 3×𝜖 divided by the area under
𝑦
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able 4
ombined and energy ductility indices of the experimentally tested bowtie and

double pyramid architectures, along with the computationally evaluated indices of
he conventional reinforcing schemes. Values averaged from measurements within an
uxetic specimen group (2 or 3 samples).

𝐷𝑐 𝐼5 𝐼10
BT 75 (4 × 4 × 6) 2.52 5.00 7.52
BT 80 (4 × 4 × 5) 2.61 4.99 7.44
BT 85 (4 × 4 × 5) 2.50 5.08 7.88
DP 15-45 (5 × 5 × 4) 1.90 4.64 6.43
DP 15-60 (5 × 5 × 4) 1.93 5.14 7.46
DP 30-48 (5 × 5 × 7) 2.40 5.82 9.82
Conv 1.98 1.51 1.78
Conv-Rect 2.18 2.44 2.82
Conv-Rhomb 2.34 1.86 2.13

the curve up to 𝜖𝑦 for the case of 𝐼5, and the area of 5.5×𝜖𝑦 divided
y the area under the curve up to 𝜖𝑦 for the case of 𝐼10 Eqs. (2) and
3). This definition of the ductility index used in the determination of

the energy ductility metrics is based on the plot area under the axial
load 𝑁 versus the axial strain 𝜖𝑎𝑥𝑖𝑎𝑙, thus allowing the consideration of
esidual capacity in the post-peak region. All three metrics numerically
uantify the ductility of each composite architecture up to increasing
trains while being strength agnostic.

The 𝐷𝑐 value represents the metric of interest for civil infrastructure
pplications, representing the short-term ductility from yield to 85%
oad drop. The 80-degree bowtie architecture is superior in this area,
ollowed by the rest of the bowtie architectures and marginally by
he 30–48 double pyramid (Table 4). Considering the achieved peak
tresses, the three bowtie architectures also generally illustrate signifi-
antly better mechanical properties than the double pyramids. The 𝐼5
nd 𝐼10 values correspond to the energy absorption in the post-peak
ompared to the 3∕4 method yield point. In this domain, only the 30–48

double pyramid stands out due to its flatter residual capacity response
in the post-peak, which is characterized by a milder drop from the peak
load. Although the 30–48 double pyramid demonstrates remarkable
nergy ductility, it significantly compromises peak stress performance
ompared to its bowtie counterparts.

𝐷𝑐 =
𝜖0.85
𝜖𝑦

(1)

𝐼5 =
𝐴3𝑦

𝐴𝑦
(2)

𝐼10 =
𝐴5.5𝑦

𝐴𝑦
(3)

The combined and energy ductility indices of the conventional
einforcing schemes were calculated from the computational models.
he combined ductility indices 𝐷𝑐 of the conventional are better than

the 15–45 and 15–60 double pyramid architectures but fall short of
every other auxetic architecture. The energy ductility indices 𝐼5, 𝐼10
of the conventional reinforcing schemes demonstrate a less efficient
ductile response of these reinforcing techniques, mainly due to the
rapid loss of load-bearing capability after the first hoop fracture. The
more efficient stress distribution inside the bowtie auxetic IPCs and the
increased redundancy inherent to its design dramatically increase the
combined and post-peak energy ductility of these architectures.

5. Conclusions

In this paper, we report results on the compressive properties of
interpenetrating phase composites utilizing auxetic truss lattices to
enhance the confinement of brittle mortar matrices. We have experi-
mentally, analytically, and computationally studied the effect of three
designs from two architecture families on the confinement of cemen-
titious mortar composites under axial compression to identify how the
14 
auxetic actuation in an IPC can generate additional confining pressures
that will improve the peak stresses and ductilities that can be achieved.

The key findings of this work are summarized below.

• All auxetic bowtie architectures exhibit significant increases in
the peak strength and ductility of the IPCs. While the auxetic
double pyramid architectures also boost the peak strength and
ductility of the brittle matrix, their enhancement in IPC properties
is much less pronounced. Overall, the auxetic reinforcing scheme
succeeds in enhancing the confinement pressures for the brittle
matrices using the bowtie architectures and increases the peak
strength of the architectures by at least 165% and the peak ductil-
ity by 240% compared to the conventional column reinforcement
strategies, using the most ductile 80-degree architecture and pro-
viding similar increases for the rest of the bowties. While tuning
the characteristic angles of each architecture affects the IPC’s
post-peak response in axial compression, the influence on the
peak stresses is less dramatic.

• Comparison of the auxetic bowtie reinforcing schemes to the
conventional column reinforcing strategies has revealed a notable
improvement in terms of achieved peak stresses and peak strains
for all bowtie architectures. The 30–48 double pyramid, exhibits
a significantly more ductile failure and post-peak response. The
bowtie architectures can be considered good candidate unit cells
for designing columns and beams for civil infrastructure that
achieve superior mechanical properties. Upscaling advanced man-
ufacturing techniques and robotic manufacturing can assist in
adopting architected material-inspired reinforcing schemes on a
real-life construction scale.

• A variety of geometrical configurations can produce specimens
that achieve a high relative increase in the confining pressures
of the IPCs. The increase in the confining pressure predicted by
the calculation of the compliance tensors from the finite element
analysis and a Voigt model assisted in finding architectures that
increase the confining pressures up to 34.4%. The final com-
pressive response of an IPC is dependent on a combination of
mechanical properties, such as the axial modulus, transverse mod-
ulus, and Poisson’s ratio, as well as on topological characteristics,
such as the unit cell repetition pattern and the unit cell aspect
ratio.

• The enhancement in mechanical properties directly translated
into a reduction of the effective IPCs Poisson’s ratio in the elastic
region. The best-performing architectures exhibit the lowest IPC
Poisson’s ratio and a slower rate of Poisson’s ratio increase over
strain progression. Further study of this finding could assist in
utilizing non-destructive methods by testing the elastic region to
assess the IPCs’ capacity and ductility.

• Calculation of the ductility indices for all auxetically reinforced
specimens has shown remarkably increased combined and en-
ergy ductility indices, particularly for the three bowtie IPCs, and
only a significant increase of the energy ductility indices for
the double pyramid IPCs. This enhancement of ductile behavior
present in the bowties can significantly benefit civil infrastruc-
ture applications due to the high combined ductility index and
energy absorption applications due to the high 𝐼5 and 𝐼10 indexes
observed.
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