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ABSTRACT

ARTICLE INFO

This study investigates the nonlinear in-plane structural behavior of 3D-printed con-
crete wall elements with two representative internal infill patterns - lattice (L) and
triangular (T) - using finite element modeling informed by experimentally derived
material properties. A printable concrete mixture was specifically developed using
CEM I 42.5 R Portland cement, silica sand, and hydroxypropyl methylcellulose
(HPMC) as a viscosity-modifying agent. Conventional cast specimens (40x40x160
mm?) achieved a 28-day flexural strength of 8.7 MPa and a compressive strength of
approximately 63 MPa. Nonlinear behavior of wall panels with both infill types was
investigated using numerical methods with advanced constitutive laws. These mod-
els account for the distinct compressive-tensile response of concrete and damage
evolution under monotonic lateral loading, allowing assessment of the influence of
geometry on load-bearing capacity and failure mechanisms. The results reveal that
both infill patterns exhibit nonlinear load-displacement responses with an initial
elastic regime, an early localized cracking peak, followed by a notable recovery in
load-bearing capacity, and subsequently a global peak load prior to progressive post-
peak softening. While the overall performance of both infill types was comparable,
the T pattern exhibited a marginally higher peak load (1.7-2.7%) and improved duc-
tility relative to the L form. These distinctions are attributed to the T-pattern’s more
efficient diagonal force transfer and the development of a single continuous diagonal
shear band, as opposed to the L-pattern’s multiple discontinuous cracks and broader
damage zones.
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1. Introduction

Three-dimensional printing (3DP) technology, also
known as additive manufacturing, is rapidly transform-
ing the construction industry by enabling complex, cus-
tomized components to be fabricated directly from digi-
tal models - eliminating conventional formwork, stream-
lining construction, and reducing material waste (La-
bonnote et al. 2016; Maskuriy et al. 2019; Scheurer et al.

2020; Tarhan et al. 2024a; Mohamed and Mohamed
2025). Notable projects include Dubai’s “Office of the Fu-
ture” — the world’s first fully functional 3D-printed office
(Fig. 1(a,b)) - printed on site in just 17 days, achieving
nearly 50% reductions in labor and material costs (Arch-
daily 2019; Hossain et al. 2020). In China, WinSun Com-
pany demonstrated the speed and efficiency of 3D con-
struction by producing ten single-story homes in Suzhou
within 24 hours (Fig. 1(c)). The company also con-
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structed a five-story apartment building (Fig. 1(d)) and
a 1,100 m? villa using 3D-printed concrete components
(Fig. 1(e)). These projects achieved 30-60% reductions

in material waste and up to 70% shorter build times
compared to traditional methods (Winsun3d 2015; Zoey
2018; Hossain et al. 2020).

APIS COR

Fig. 1. Examples of large-scale 3D-printed concrete construction: (a),(b) Dubai “Office of the Future” printed by
Apis Cor (Archdaily 2019); (c) Single-story houses by WinSun (Architectsjournal 2014); (d) WinSun’s five-story
apartment building (Winsun3d 2015); (e) Interior corridor of a 3D-printed villa (Zoey 2018).

In addition to these widely recognized benefits, 3D
printing allows for the precise replication of historic or
ornamental components, as seen by a recent review
study (Tarhan and Tarhan 2025). The unique nature of
additive manufacturing also opens the door to further
possibilities. For instance, the technology may facilitate
the seamless integration of multi-functional features,
such as embedded sensors or service conduits, directly
during fabrication. Its flexibility enables on-demand con-
struction in remote or disaster-affected regions. Fur-
thermore, the ability to locally tailor material composi-
tion and geometry presents opportunities for function-
ally graded elements and resource-efficient, perfor-
mance-based design. While many of these possibilities
remain aspirational in current practice, they represent
promising directions for future research and innovation
in digital construction.

Despite significant progress in the development of
3D-printable cement-based mixtures with suitable rheo-
logical and mechanical properties (Perrot et al. 2016;
Rahman et al. 2024; Tarhan et al. 2024b; Zafar et al.
2025), the widespread use of 3D-printed concrete in
structural construction is still hindered by several unre-
solved challenges at the building scale. One of the major

limitations in layer-by-layer fabrication is the challenge
of effectively integrating reinforcement into the printed
matrix (Bos et al. 2016; Panda et al. 2018). Traditional
steel rebars and meshes are difficult to position continu-
ously, prompting research into alternatives such as ro-
botic bar placement synchronized with the print head
(Mechtcherine et al. 2021; Nan et al. 2025), interlayer
meshes for enhanced crack control (Ramesh et al. 2024;
Tarhan et al. 2024b), direct fiber incorporation (steel,
glass, polymer) (Christ et al. 2015; Hambach et al. 2019;
Le et al. 2012), and even natural fibers like jute for sus-
tainable earth-based mixes (Tarhan et al. 2024b, 2025a),
are being explored, suggesting that natural fibers may
also enhance ductility and sustainability in cementitious
3D-printed mixtures. Although promising, each strategy
presents its own integration and performance chal-
lenges - especially when considered alongside the
unique properties and behaviors introduced by additive
manufacturing.

Another critical and often overlooked issue is the role
of internal infill geometry in the structural performance
of 3D-printed elements. Unlike conventional cast con-
crete, 3D-printed components exhibit pronounced ani-
sotropy, interfacial weaknesses between layers, and a
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strong dependency on the specific infill pattern em-
ployed (Dey et al. 2023; Panda et al. 2018; Wangler et al.
2016; Yang et al. 2023).

Recent research addressing infill pattern of 3D-
printed concrete structural elements can be systemati-
cally classified into four main categories based on the
loading conditions and performance criteria addressed:
(i) fire and thermal performance (AlZahrani et al. 2022;
Chamatete and Yalcinkaya 2024; Dziura et al. 2023;
Hanifa et al. 2025; Suphunsaeng et al. 2025), (ii) axial
compressive performance (Han et al. 2022; Khanverdi
and Das 2025; Kumar et al. 2025; Zhang et al. 2025a,
2025b), (iii) out-of-plane structural behavior (Aghajani
Delavar et al. 2024; Dey et al. 2023; Hernandez Vargas et
al. 2024) and (iv) in-plane structural behavior (Aghajani
Delavar et al. 2024; Warsi et al. 2025a, 2025b).

Regarding fire and thermal performance, recent stud-
ies primarily address the optimization of infill geome-
tries in 3D-printed walls for enhanced insulation. Hanifa
et al. (2025) experimentally demonstrated that opti-
mized earthen wall segments featuring carefully de-
signed “infinite” cavity patterns achieved a high thermal
resistance (R-value ~ 1.194 m?-K/W) while maintaining
structural compressive strength above 4 MPa. Similarly,
Dziura et al. (2023) experimentally validated that cellu-
lar concrete walls incorporating PUR-foam cavity infills
significantly improved thermal insulation performance,
achieving a U-value as low as 0.183 W/m? K, thus meet-
ing stringent Polish building codes without requiring ad-
ditional insulation layers. Chamatete and Yalginkaya
(2024) numerically showed that lattice infills combined
with granular insulation materials (Expanded Polysty-
rene (EPS) beads, perlite) reduced thermal transmit-
tance by approximately 26-44%; however, efficiency
was highly sensitive to filament width, web length, and
thermal bridging at shell connections. AlZahrani et al.
(2022) numerically optimized multiple infill geometries
(square, triangular, hexagonal, rectangular, diamond),
revealing that carefully selected shapes significantly
lowered effective thermal conductivities (0.122-0.170
W/m-K) compared to conventional masonry and trans-
lated into tangible energy savings. Lastly, Suphunsaeng
et al. (2025) performed full-scale fire resistance tests on
printed concrete walls with varying cavity arrange-
ments, concluding thicker walls with solid concrete infill
filaments had superior insulation ratings under a 3-hour
[SO-834 fire exposure, and provided validated numerical
models to inform design charts linking wall thickness
and cavity geometry to thermal performance.

Recent axial compressive behavior studies on 3D-
printed walls have highlighted key influences of rein-
forcement, openings, and infill geometry on structural
performance. Han et al. (2022) experimentally tested
full-scale printed walls incorporating internal W-shaped
truss infill and horizontal steel reinforcement, reporting
an unexpected 25% strength reduction due to the rein-
forcement layers acting as weak planes; they proposed
an analytical model to accurately predict axial capacity.
Khanverdi and Das (2025) examined the axial perfor-
mance of full-scale printed walls with vertical reinforce-
ment and a large window opening, showing vertical re-
bars enhanced ultimate load by 14-26%, tripled energy

absorption, and shifted failure modes from brittle verti-
cal cracking toward localized crushing, whereas open-
ings modestly reduced capacity (~20%). Kumar et al.
(2025) conducted a detailed numerical investigation on
the axial compressive (vertical in-plane) response of 3D-
printed concrete walls with different internal lattice ge-
ometries, using a coupled Concrete Damaged Plasticity
and cohesive-zone modeling framework. To systemati-
cally assess the role of internal geometry, they adopted
the L-, T-, and LT-type infill patterns originally optimized
by Dey et al. (2023) for out-of-plane flexural perfor-
mance, and applied them under pure axial compression.
Their results demonstrated that increasing compressive
strength shifts damage from filaments to interfaces,
while higher interface shear strength delays instability;
among the geometries, larger filament-wall contact (L-
type) enhanced load capacity and delayed cracking.
Zhang et al. (2025b) explored the influence of filament-
contact patterns in 2-D infill geometries, revealing that
rectangular infills with material overlaps retained stiff-
ness and strength, while honeycomb patterns (point-
contact between layers) experienced up to 45% strength
loss due to premature vertical-layer buckling.

The studies on out-of-plane (flexural) performance of
3D-printed concrete have highlighted the significant in-
fluence of infill topology and optimized geometry on
structural efficiency. Hernandez Vargas et al. (2024) in-
troduced a stress-driven internal topology optimization
method, locally adjusting the filament width within con-
crete beams (700x100x100 mm) according to calculated
stress distributions. Their approach was experimentally
validated via three-point bending tests, clearly demon-
strating a 47-63% higher flexural strength-to-weight ra-
tio compared to beams produced using a conventional
uniform (zig-zag) infill pattern, highlighting geometry-
guided thickness variation as a viable strategy to en-
hance structural capacity and reduce material use simul-
taneously. Similarly, Dey et al. (2023) experimentally
evaluated the flexural behavior of four concrete beams
(890 mm length) printed with different lattice-based in-
fills (lattice, triangular, lattice-triangular, and sinusoi-
dal), subjected separately to vertical and transverse
three-point bending tests. Their experimental and numer-
ical investigations indicated that triangular infills pro-
vided the highest transverse flexural strength (~11.5 kN)
and about 30% greater stiffness compared to lattice infills,
while subsequent numerical optimization identified a
25% horizontal-to-triangular web-length ratio as optimal
for maximizing strength-to-weight efficiency. Finally, ad-
dressing specifically wall-scale structures, Delavar et al.
(2022) analytically and numerically investigated the out-
of-plane flexural capacity of slender 3D-printed walls, de-
veloping closed-form design equations validated against
nonlinear finite-element shell-beam models of four wall
prototypes. Their results showed that infill layout di-
rectly governed whether failure occurred through one-
way or two-way bending mechanisms,

Lastly, in-plane (lateral) structural behavior - crucial
for seismic performance - has only recently begun to at-
tract focused research on shear strength, energy dissipa-
tion, and seismic resilience. Delavar et al. (2024) analyt-
ically and numerically investigated reinforced concrete-
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framed 3D-printed walls under quasi-static lateral load-
ing, concluding that the presence of infill patterns in-
creases lateral strength mainly due to an increased
cross-sectional area, while the specific type of infill pat-
tern had only a limited impact on overall lateral strength.
Warsi et al. (2025b) developed a finite-element compo-
site micro-model combining Concrete Damaged Plastic-
ity (CDP) and cohesive-zone modeling for interlayer in-
terfaces, demonstrating that reducing wall height-to-
width ratios, integrating edge columns, and providing
continuous reinforcement significantly enhanced lateral
strength (~30%), stiffness, and energy dissipation. Addi-
tionally, Warsi et al. (2025a) numerically assessed earth-
quake-resistant design methodologies for hollow 3D-
printed walls based on ACI 318-19 and Eurocode 8 pro-
visions, showing that double-layer reinforcement im-
proved lateral load capacity by approximately 31%, duc-
tility (u=4.36 versus 4.01), and strain distributions com-
pared to single-layer reinforcement layouts, emphasiz-
ing the critical interaction between reinforcement ar-
rangement and internal infill geometry for optimized
seismic performance.

Collectively, these studies highlight that internal infill
topology, interlayer interface quality, and reinforcement
detailing significantly influence the nonlinear behavior
and seismic capacity of 3D-printed concrete walls; how-
ever, to the best of the authors’ knowledge, the nonlinear
in-plane performance of unreinforced 3D-printed con-
crete walls with different infill patterns remains entirely
unexplored, leaving a major gap in understanding their
failure evolution and ultimate lateral resistance.

To address this gap, the present study systematically
evaluates the nonlinear in-plane response of unrein-
forced 3D-printed concrete walls incorporating different
infill geometries - named as lattice (L) and triangular (T).
Infill forms previously introduced and geometrically op-
timized by Dey et al. (2023) for out-of-plane flexural be-
havior - and subsequently employed by Kumar et al.
(2025) for axial compression analysis - are adopted here
to systematically investigate their effects under in-plane
lateral loading, enabling direct comparison across differ-
ent structural scenarios. A high-performance, 3D-printa-
ble cementitious mix was specifically developed and ex-
perimentally characterized, and its measured properties
directly informed the nonlinear finite element models.

Thus, the current investigation uniquely addresses
this research gap, examining how infill patterns impact
the overall nonlinear response, stiffness degradation,
damage evolution, and ultimate capacity of structural
3D-printed concrete walls under in-plane lateral loading
condition. The findings provide the first comparative in-
sights into the role of complex internal geometry on the
in-plane structural behavior of unreinforced 3D-printed
walls - delivering essential knowledge for the develop-
ment of next-generation, high-performance digital con-
struction systems.

2. Materials and Methods

This section details the development and characteri-
zation of a high-performance, 3D-printable cementitious
mixture tailored for digital construction applications.
The experimental program includes the optimization of
mix composition, followed by a comprehensive assess-
ment of its fresh and hardened mechanical properties.
These experimentally determined parameters form the
basis for subsequent nonlinear finite element simula-
tions, enabling a realistic evaluation of wall-scale struc-
tural performance. The adopted numerical modeling
strategy, implemented in Abaqus, utilizes the Mohr-Cou-
lomb failure criterion and explicitly accounts for the dis-
tinct tensile and compressive behavior of concrete. The
specific infill patterns, selection rationale, and geometric
configurations of the wall models are also described in
detail.

2.1. Development of 3D-printable cementitious mix

The cement-based mixture used for 3D printing in this
study was developed to offer extrudability and good me-
chanical performance. The materials and mixture details
are presented in Tarhan et al. (2025b). It consisted of
CEM I 42.5 R Portland cement, ground granulated blast
furnace slag (GGBS), plaster (TRADICAL-PF-80 branded),
metakaolin clay, fine quartz sand (0-2 mm), water, a pol-
ycarboxylate ether-based superplasticizer (SP) and hy-
droxypropyl methylcellulose (HPMC) as a viscosity-
modifying agent. The proportions for 1 m? of the mixture
are presented in Table 1.

Table 1. Mix proportions of the printable concrete.

. CEMI425R Metakaolin Sand Sand Air
b Portland cement S e clay 0-0.5 mm 0.5-2 mm LG SR 20 content
Amount (kg) 300 100 100 25 535.8 831.2 200 743 0.6 %1

The cement-based mixture was prepared by mixing
all the dry ingredients, including cement, aggregate,
GGBS, gypsum, clay and methyl cellulose, together at
low speed for one minute. Water was then added in two
stages, with the plasticiser mixed into the second por-
tion. Mixing continued for a further two minutes. After
a short rest period, the mixture was mixed at high
speed for a further two minutes, bringing the total mix-

ing time to approximately six minutes. Continuous mix-
ing was used to minimise the risk of premature setting.
Penetration depth tests were initially performed to as-
sess printability, but the final mixture was selected
based on actual 3D printing trials to ensure suitability.
Prismatic samples measuring 40x40x160 mm were
cast in molds for flexural and compressive strength test-
ing. After curing for one day under ambient laboratory
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conditions, the specimens were demolded and placed
in a controlled curing chamber at 20+3 °C with 80% rel-
ative humidity until the day of testing, following the ap-
proach adopted also in Tarhan et al. (2024b). Mean-
while, 3D-printed samples measuring 110x110x350
mm were fabricated to demonstrate the printability of

(@)

the developed mix in terms of its rheological perfor-
mance.

The 3D printing process was carried out using a Delta
WASP 3DMT printer with a 3 cm nozzle operating at a
speed of 2 cm/s. Fig. 2 shows the 3D printing process and
representative views of the printed layers.

Fig. 2. 3D printing of test samples using a Delta WASP 3DMT printer:
(a) Extrusion of successive layers during printing; (b) Side view of the printed layers with height measurement;
(c) Top view of the printed layers with width measurement.

2.2. Experimental characterization of printable
concrete

The printable mixture was formulated to ensure ade-
quate buildability and extrusion stability, taking into ac-
count the specific rheological demands of layer-by-layer
deposition. Key fresh-state parameters were assessed
immediately after mixing in order to capture the time-
dependent behavior of the material.

The properties of the cement-based mortar in its
fresh state were evaluated through a series of standard-
ized tests. Density was measured according to BS EN
12350-6 (2019) and rheological behavior was assessed
using a rotational rheometer with four-blade vane geom-
etry. A constant shear rate of 0.05 s™* was applied for 200
seconds and the peak torque at flow onset was used to
determine the static yield stress, which affects the mate-
rial's printability and ability to retain its shape. To mon-

itor structuration over time, rheological measurements
were repeated at defined intervals. Additionally, the
structural build-up was examined using the fall cone
penetration method in accordance with CEN ISO 17892-
6:2017. The penetration depth of an 80 g, 30° cone
dropped into fresh mortar served as an indicator of
evolving shear resistance and thixotropic behavior.
These combined tests provided insight into the time-de-
pendent characteristics of the mixture, which are critical
for ensuring adequate buildability and interlayer adhe-
sion in 3D printing applications.

For material characterization, mold-cast prism speci-
mens were evaluated for mechanical testing. Flexural
strength was determined via three-point bending tests on
prism specimens with nominal dimensions of 40x40x160
mm, in accordance with TS EN 12390-5 (2019). Following
test, the broken halves were tested for compressive
strength in accordance with TS EN 12390-3 (2019).
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2.3. Numerical modeling approach

The in-plane structural performance of the 3D-
printed concrete walls was assessed using nonlinear fi-
nite element simulations performed in Abaqus (Abaqus
2022). A macro modeling strategy was adopted, wherein
the layered filament architecture of the walls was
treated as a homogenized continuum. All solid regions,
including the outer wall regions and infill forms, were
discretized using four-node linear tetrahedral elements
(C3D4). This element type was selected for its suitability
with complex geometries, effectiveness in capturing the
localized cracking and post-peak softening typical of
brittle materials, while maintaining computational effi-
ciency.

The material nonlinearity was represented by the
CDP model, which is well established for simulating the
inelastic behavior of concrete and similar quasi-brittle
materials (Stimer and Aktas 2015). The CDP model inte-
grates the effects of tensile cracking and compressive
crushing by combining plasticity with progressive dam-
age mechanics. The deviatoric yield surface is defined by
Kc=2/3, which corresponds to the Mohr-Coulomb crite-
rion in the deviatoric plane (Fig. 3).

Distinct tensile and compressive responses are de-
fined through separate stress-strain relationships for
each loading mode. The progressive accumulation of mi-
crocracks under tension and crushing damage under
compression is tracked using two independent scalar
damage variables, d: and d., which reduce the material’s
elastic modulus with increasing strain, thereby realisti-

cally capturing stiffness degradation. In tension, the
model captures the linear elastic response up to the ten-
sile strength, followed by strain-softening due to crack
development. In compression, the response includes an
initial linear regime, limited hardening, and subsequent
exponential softening after peak stress (Fig. 4).

BN
{ N\
]

Drucker-Prager

(CM)
...S3

Fig. 3. Deviatoric yield surfaces for Mohr-Coulomb
(Kc=2/3) and Drucker-Prager (K.=1) criteria.
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Fig. 4. Material response under (a) tension and (b) compression.

Additional CDP input parameters included a dilation
angle of 30°, flow potential eccentricity of 0.1, and a bi-
axial-to-uniaxial compressive strength ratio of 1.16, re-
flecting common practice for concrete (Lubliner et al.
1989; Tarhan 2025a). To aid convergence in the post-
peak regime, a small viscosity parameter of 0.0001 was
introduced, which has negligible effect on the global
structural response but improves numerical stability in
the softening range (Abaqus 2022; Tarhan 2025b). Ma-
terial properties (Table 2) and nonlinear constitutive pa-
rameters were directly obtained from the experimen-
tally validated cementitious mix, as detailed in Sections

2.1and 3.1. The direct tensile strength (f:) of the concrete
was estimated as half of the measured flexural strength.
The CDP model parameters were implemented as de-
scribed above, with no further calibration.

2.4. Infill pattern selection, description and wall
models

In this study, geometric models of the 3D-printed con-
crete walls were developed to include both outer wall re-
gions and two distinct internal infill patterns: lattice (L)
and triangular (T). These forms were originally intro-
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duced and optimized for out-of-plane flexural efficiency
by Dey et al. (2023) and later utilized by Kumar et al.
(2025) in axial compression studies. By adopting these
well-established patterns, the present work contributes
complementary insights into their structural perfor-

mance under in-plane monotonic lateral loading -
thereby extending the existing knowledge base to en-
compass a broader range of loading conditions and ena-
bling a more comprehensive understanding of their be-
havior in digital construction applications (Fig. 5).

Table 2. Adopted material properties.

Mechanical properties

Density (kg/m3) Young's modulus (MPa) Poisson’s ratio fe (MPa) ft(MPa)
2,150 37,318 0.2 63 4.3
Plasticity definition
Dilation angle Eccentricity foo/feo K Viscosity parameter
30° 0.1 1.16 0.667 0.0001

Stress-inelastic strain relationships

Damage definition

Compressive Tensile

Tension

Yield stress Inelastic strain Yield stress

Cracking strain

Damage parameter Cracking strain

20 0 4.3 0 0 0
40 0.0012 0.43 0.003 0.9 0.003
55 0.002 - - - -
63 0.0032 - - - -
50 0.0075 - - - -
31 0.012 - - - -
19 0.017 - - - -
X
! 890 890 /

Fig. 5. Schematic representations of the two 3D-printed concrete wall models with different internal infill patterns:
(left) L and (right) T adapted from Dey et al (2023) (all dimensions are in millimeters).

All wall geometries were created in SolidWorks and
subsequently imported into Abaqus for numerical mod-
eling. Walls were defined with a cross-sectional size of
890 mmx290 mm, consistent with the reference config-
uration adopted by Dey et al. (2023) (Fig. 5). The layer
width and height were 30 and 20 mm, respectively, re-
flecting the printing process of the experimentally pro-
duced mix and ensuring compatibility with common ex-
trusion-based 3D printing processes. An aspect ratio
(height to width) of approximately 1:0.5 was adopted,
resulting in a total of 85 layers per wall (Fig. 6) - match-
ing the practical constraints and design parameters ad-
dressed in Sections 2.1 and 2.2.

According to the adopted macro modeling approach,
all interfaces between deposited filaments within a layer,
as well as between successive layers, were inherently as-
sumed fully bonded. This means that potential interlayer
weaknesses were not explicitly modeled in this study.
Such simplification reflects both the cohesive quality ob-

served in the developed 3D-printable mix and prevailing
practice in comparable numerical studies. By excluding
interface imperfections, the numerical model isolates
the structural influence of infill geometry, thereby estab-
lishing a benchmark for future studies where interlayer
bonding effects may be directly incorporated.

Finite element meshes were generated using four-
node linear tetrahedral elements (C3D4), which enabled
accurate representation of the complex internal geome-
tries of the wall models (see Fig. 7 for mesh illustration).
To assess the influence of mesh dependency on the sim-
ulation results, two different mesh densities were em-
ployed: a fine mesh with an average element size of 15
mm and a medium mesh of 30 mm. The L-wall models
contained 28801 nodes and 126464 elements with the
medium mesh and 91481 nodes and 458348 elements
with the fine mesh, while the T-wall models contained
35480 and 73567 nodes with 114272 and 280877 ele-
ments, respectively.
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In the initial step, boundary conditions were defined:
the bottom surface of each wall — including both outer
wall regions and infill - was fully fixed (encastre) to rep-
resent a rigid foundation, restraining all translational
and rotational degrees of freedom. At the top edge, all ro-
tational degrees of freedom and translation in the out-of-
plane direction (Z) were restricted, while horizontal
translation in the loading direction (X, in-plane) and ver-
tical translation (Y, wall height) were left free to allow
realistic deformation during loading. Numerical simula-
tions were performed in three consecutive analysis steps
to capture realistic loading conditions. First, gravity
loading was applied to each wall to account for self-
weight. In the second step, an additional vertical pre-
compressive load - equal to the calculated self-weight of
the wall (4,350 N for the T-pattern, 4,378 N for the L-pat-
tern, based on a measured density of 2.15 g/cm?) - was
applied uniformly over the top surface. This step simu-
lated the scenario where the wall supports another iden-
tical story above. In the final step, a monotonic lateral
displacement was incrementally imposed at the top sur-
faces until global failure was reached.

3. Results and Discussion
3.1. Fresh and hardened properties of concrete

At the beginning of the testing process, the cement-
based mortar had a unit weight of 2.15 g/cm?3, which in-
dicates that it is a dense, well-compacted mixture that is
suitable for structural applications. The penetration
depth measured by the fall cone test was 19.74 mm, re-
flecting a moderate level of thixotropy and structural
build-up in the early stages. Rheological characterization
using a rotational rheometer yielded a peak torque of 9.4
mNm at a shear rate of 0.05 s, corresponding to the
static yield stress of the mix. These values confirm that
the mortar possesses adequate resistance to defor-
mation while maintaining sufficient flowability for ex-
trusion-based 3D printing.

The cement-based printable mortar exhibited rapid
strength development, with compressive strength in-

creasing from 10.96 MPa at 1 day to 53.75 MPa by day 14
and reaching 62.89 MPa at 28 days. This places the mix
in the TS EN 206+A2 (2021) strength class C50/60, indi-
cating its classification as a high-performance mortar.
Such rapid hardening is typical of low water-to-binder ra-
tio mixtures with reactive fillers and ensures early load-
bearing capacity for successive layers. Flexural strength
rose from 3.93 MPa at 1 day to 8.70 MPa at 28 days,
demonstrating adequate tensile resistance comparable to
engineered 3D-printed mortars reported in the literature.

3.2. Nonlinear in-plane behavior of 3D printed
concrete walls

This section presents the nonlinear in-plane response
of 3D-printed concrete wall models incorporating L. and T
infill patterns. Finite element analyses were performed
with two mesh densities (fine and medium) to assess mesh
sensitivity and the robustness of the results. Fig. 8 shows
the load-displacement curves obtained for each configu-
ration, and numerical data are summarized in Table 3.
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Fig. 8. Load-displacement curves of L. and T-pattern
wall models, showing higher peak load and ductility
for the T-pattern across both mesh densities.

Table 3. Key performance metrics of 3D-printed wall models,
including damage initiation and peak load values for each mesh and infill configuration.

Model Displacement Load (kN) Displacement Peak load
at damage initiation (mm) at damage initiation at peak load (mm) (kN)
L-fine 0.45 144.5 2.24 3223
T-fine 0.46 148.0 2.50 331.1
L-medium 0.45 146.2 2.57 340.5
T-medium 0.50 157.2 3.08 346.3

Under monotonic lateral loading, all wall models ex-
hibited a typical nonlinear load-displacement response
characterized by an initial stiff elastic regime, a progres-
sive reduction in stiffness with increasing displacement,
and a final softening branch associated with material
damage and loss of load-bearing capacity. Both L- and T-
patterns displayed qualitatively similar behavior, with

discernible differences in ultimate strength, ductility,
and crack evolution.

Notably, all wall models exhibited a local load peak at
approximately 0.45-0.5 mm displacement, followed by a
sharp drop. This first peak corresponds to the onset of
localized cracking, predominantly at the outer wall re-
gions adjacent to infill openings (Figs. 9 and 10).
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After this initial damage, the models demonstrated a
pronounced recovery in load-bearing capacity - evi-
denced by the renewed increase in the load-displace-
ment curve — thanks to the redistribution of internal
forces through undamaged regions and alternative load-
bearing paths retained within the infill geometry. This is
a direct result of the cellular infill layouts, where alterna-
tive load paths can be mobilized after local failure.

As loading continued, crack propagation and accumu-
lated damage caused further stiffness degradation and
post-peak softening, culminating in global failure when
the primary load paths were fully fractured and the struc-
ture could no longer sustain increasing displacement.

Crack evolution differed significantly between pat-
terns (Fig. 9 for L, Fig. 10 for T). Cracking in the L-pattern

(d)

(e)

typically initiates as short horizontal cracks at the wall
base or at the interface between the infill and the outer
wall. As loading progresses, three distinct diagonal dam-
age bands emerge, each associated with a different panel
region separated by the two vertical struts of the infill.
The central diagonal band may eventually link to one of
its neighbors, leaving only two main diagonal planes ac-
tive. Because these bands do not combine into a single
continuous failure plane, damage remains confined to
separate regions. When stress tends to concentrate
within the infill, local post-peak failure zones emerge -
these trigger abrupt load drops and accelerate stiffness
degradation. The overall failure mode is characterized
by the formation of multiple, discontinuous diagonal
cracks rather than a single dominant shear plane.
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Fig. 9. L-pattern wall: (a-c) Front views of crack initiation and propagation;
(d-f) 3D views showing discontinuous diagonal bands and local damage zones.
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Fig. 10. T-pattern wall: (a-c) Front views of crack initiation and merging;
(d-f) 3D views showing a continuous diagonal shear band linking infill and outer wall.

In the T-pattern, initial cracks develop as short hori-
zontal fissures at the base and top of the wall. With fur-
ther displacement, two separate diagonal cracks form,
originating from the bottom corners and propagating
upward and inward along the main diagonal load paths
of the triangular infill. These cracks eventually merge
into a single continuous diagonal damage band, often
linking the infill and the outer wall.

For both mesh densities, the T-pattern walls achieved
higher peak loads and exhibited modestly higher post-
peak ductility compared to the L-pattern walls. Specifi-
cally, the T-pattern (medium mesh) reached a maximum
load of ~346 kN at a displacement of 3.08 mm, while the
L-pattern (medium mesh) achieved a lower maximum of
~340 kN ata displacement of 2.57 mm. For the fine mesh

models, the T-pattern again showed a higher peak load
of ~331 kN, compared to the L-pattern at ~322 kN. This
corresponds to a 1.7-2.7% higher peak load for T-pat-
terns, depending on mesh size. First cracking consist-
ently occurred at ~0.45-0.5 mm displacement, with ini-
tial crack loads ranging from 144.5kN (L-fine) to
157.2 KN (T-medium).

Across all models, fine mesh solutions showed mar-
ginally earlier softening and slightly reduced post-peak
load retention, due to their increased ability to localize
damage and capture brittle post-peak behavior. These
results confirm that the triangular infill, characterized by
continuous diagonal load paths and efficient stress dis-
tribution, enhances both the load-bearing capacity and
the energy dissipation after peak.
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Mesh sensitivity was minimal; peak load deviation
was less than 3%, with the fine mesh leading to margin-
ally earlier softening and reduced post-peak load reten-
tion due to better localization of damage.

Although the formation of a single continuous diago-
nal crack in the T-pattern might intuitively seem to pro-
mote rapid structural failure, the simulation results
demonstrate the opposite: the T-pattern achieves higher
peak load and superior post-peak energy dissipation.
This advantage is attributable to the geometric effi-
ciency of having only one central strut, which creates
two main load-bearing zones and focuses diagonal
shear transfer through a direct, robust path. In contrast,
the L-pattern’s two interior struts divide the wall into
three distinct regions, resulting in a broader area of dam-
age and increased stress concentrations at multiple infill
junctions. Consequently, the L-pattern exhibits more ex-
tensive diagonal cracking, greater localized damage, and
slightly reduced capacity. This difference in internal
force distribution explains why the T-pattern, despite
exhibiting a continuous diagonal crack, outperforms the
L-pattern in both strength and ductility. These findings
align with the observed crack maps (Fig. 9 for L, Fig. 10
for T), which show multiple discontinuous diagonal
cracks in the L-pattern but a more unified damage band
in the T-pattern.

In conclusion, the internal geometry decisively influ-
ences both the strength and the nature of failure. While
both patterns display mixed-mode (flexural and shear)
cracking, the T-pattern demonstrates marginally better
performance, which can inform infill strategy selection
for digitally constructed walls.

4. Conclusions

This study investigated the nonlinear in-plane behav-
ior of 3D-printed concrete walls with two distinct infill
geometries-lattice (L) and triangular (T)-using finite el-
ement modeling informed by experimentally derived
material properties. A printable cementitious mortar,
characterized by high early-age strength and shape sta-
bility, was specifically developed, and its mechanical
characteristics were incorporated into the simulations
to ensure realistic representation of structural perfor-
mance.

Key findings are as follows:

o Both infill types exhibited a distinct nonlinear re-
sponse under monotonic lateral loading, character-
ized by an initial elastic regime, a localized load drop
associated with crack initiation, a subsequent recov-
ery phase due to internal force redistribution, and
progressive post-peak softening as damage accumu-
lated.

e T-pattern demonstrated superior performance,
achieving 1.7-2.7% higher peak loads and improved
ductility, attributed to its centralized diagonal force
path and efficient stress redistribution, as opposed to
the multiple discontinuous cracking bands observed
in the L-pattern.

e Crack development in the T-walls followed a domi-
nant diagonal shear band linking the outer wall and

infill, while L-walls exhibited multiple damage zones

with broader failure areas due to the division created

by the two interior struts.

e Damage consistently initiated at ~0.45-0.50 mm dis-
placement, highlighting critical stress concentrations
near infill interfaces. Post-peak deterioration was
governed by damage localization in both the outer
wall and the infill regions.

¢ Incorporating fine mesh allowed improved resolution
of damage localization and sharper post-peak degra-
dation, though mesh sensitivity remained minimal for
global response metrics.

However, interlayer interfaces were not explicitly
modeled in the simulations. Although the developed
mortar exhibited high cohesion and produced structur-
ally robust printed elements, most printable mixtures
may contain interfacial defects or exhibit weak layer
bonding due to the nature of the layer-by-layer deposi-
tion process. These interfaces can significantly influence
crack initiation and propagation. Therefore, future stud-
ies should incorporate interface effects (e.g. with cohe-
sive contact definitions) or experimentally calibrated in-
terface models to capture interface-driven damage
mechanisms and better reflect the performance variabil-
ity observed in real printed structures.

Moreover, while the effects of different infill geome-
tries were assessed through two representative pat-
terns, a more comprehensive understanding may be
achieved by employing topology optimization algo-
rithms that account for both in-plane and out-of-plane
behavior. Such methods could reveal optimal hybrid in-
fill forms tailored for multi-directional performance
and material efficiency. In addition, experimental vali-
dation at full scale is needed to confirm the damage pat-
terns observed numerically, particularly under cyclic
or combined loadings representative of real-world con-
ditions.
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