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ABSTRACT

3D-Printed Concrete (3DPC) can reduce the consumption of materials, construction

costs, and implementation time, as well as increase sustainability. Seismic safety is
one of the necessities of any structure in a high earthquake hazard zone. The lack
of scientific and engineering studies in this area would highlight the importance of
studying seismic safety in 3DPC building structures. This paper is focused on the
basic specifications of 3DPC buildings under earthquake excitations. The authors
conducted a thorough theoretical study due to the pilot nature of the research. A
prescriptive evaluation was conducted based on the existing seismic regulations for
similar structures. The main goal of the research was to create the necessary
platform for applied studies, which was achieved through theoretical investigations
and prescriptive evaluations. For this purpose, the finite element modeling of a
3DPC building with an arch roofing system was implemented and analyzed using
ABAQUS software. Based on the main results, the most remarkable weakness of
such a structure was the material's poor tension behavior. The arrangement of the
internal partitions (infill walls), the shear performance of the walls, and the relative
displacement of the components were other effective factors of the 3DPC building
under seismic loads. The results showed that the truss-like performance of the arch
roof in the considered 3DPC building probably caused the undesirable structural
responses under the seismic loads.

1 Introduction

Using 3D-Printed Concrete (3DPC) in buildings can
reduce the use of materials, costs, and construction time and
increase the sustainability of the building. This technology
has other futuristic advantages, such as the ease of
transferring the building even to other planets [1-3]. Due to
the on-site construction and use of local materials, 3D
printing of the buildings significantly reduces transportation
costs [4]. This method also substantially reduces adverse
environmental effects such as high energy use, greenhouse
gas emissions, water use, and waste production in the
construction process [5]. The other significant advantage of
this technology is the construction of structures with free
forms, which requires complex, heavy, and expensive
molding systems in ordinary construction methods [6, 7].

Contour Crafting (CC) technology was developed for the
first time by Khoshnevis [8], which was among the first
examples of 3D printing using concrete materials. 3D printing
technology is a set of sciences that includes the disciplines
of material, architectural, structural, mechanical, and
software engineering and was created to print structures and
pieces on a real scale [9]. 3D printing technology is used in
most industries, including aerospace, automotive, medicine,
weaponry, and the construction industry [10].
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Concrete is the most popular material used in 3D-printed
buildings. The essential characteristics of concrete materials
used in 3D printing construction include the rheological or
fresh properties as well as the hardened properties of the
concrete [11, 12]. Most of the materials used in the 3DPC
mixture are locally available materials, and the desired
properties are achieved by chemical additives. However,
most common mortars in 3D-printed buildings consist of
microsilica, ordinary Portland cement, fly ash, river sand (up
to 2 mm grain size), and polypropylene microfibers [4].

In previous studies, factors affecting the rheological
properties of the printed concrete material have been
studied, such as time interval, extrusion rate, layer thickness,
material composition, fibers, nozzle tip geometry, etc., [3, 6,
7, 12, 13, 14]. Ahmed Saleh [3] evaluated the feasibility of
concrete in 3D printing construction. He concluded that 3D
concrete printing has a promising future in construction.
Jeong et al. [6] proposed a model to derive the rheological
properties of the 3D-printed concrete material. It was proven
that using sisal fibers in printed mortar led to a higher yield
stress and cohesiveness of the mix [7]. Bukvi¢ et al. [12]
reviewed the pumpability and printability properties of fresh
printable concrete in past research.
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Khoshnevis [8] reviewed the basic concepts in the
construction of a 3D-printed building. The study results
showed that the increasing voids in the layers, the lightness
of the material, as well as the use of a layered dome form
inspired by traditional methods in the bed of modern
materials,could be helpful in practical applications [8]. Van et
al. [13] studied the interlayer bonding in printed construction.
They found that the application of a robust system for 3D
concrete printing was as vital as the material properties [13].
Also, Bos et al. [15] conducted a study to reinforce printed
concrete using steel cables. They showed that steel
reinforcement was a feasible method to achieve improved
material behavior.

Martens et al. [16] conducted a study to optimize the
material mixture and topology of the structure for 3D-printed
buildings. Also, Hojati et al. [17] conducted studies on
different mixtures of printed materials, including native
materials on Mars. Their studies showed that native
materials on Mars have a high potential for printing buildings
there. Also, using long fibers can increase the structure's
efficiency [17]. Daniel et al. [18] studied the possibility of
improving the strength of layers. Their studies showed that
shorter time intervals and increased contact area were
helpful in improving interlayer bonding [18]. Skibicki et al. [19]
tested some novel compositions for printed building
materials at different temperatures. Their proposed methods
had enhancing effects on the curing time of the printed
materials and led to a higher speed of the construction
process. Padnis and Shariff [20] proposed a numerical
method to calculate the critical buckling height of the 3D-
printed walls. They validated the proposed method using test
results. Li et al. [14] reviewed the experimental testing on the
fresh-state and hardened properties of the materials in 3D-
printed concrete.

Pudjisuryadi et al. [1] studied the weaknesses of printed
structural beams. They concluded that the use of small-scale
samples may not be suitable to predict the behavior of the
printed structures. Federowicz et al. [21] investigated the
shrinkage of 3D-printed cement materials and the
deformations caused by this shrinkage at different time
intervals. They showed that the application of anti-shrinkage
admixtures did not change the compressive strength of the
hardened material. Olobokola [22] investigated the
difference between the results of finite element analysis
(FEA) and analytical models for 3D-printed components. The
study showed a close correlation between manual
calculations and computer analyses. Pekuss et al. [23]
studied 3D-printed columns with different geometrical
complexities. Wang et al. [24] studied the interface properties
of the printed concrete layers. The ultimate tensile strength
and shear strength of 3D-printed concrete were increased by
using steel rebars and fiber reinforcement in the printed
material.

Chang et al. [25] proposed a model with a new failure
criterion for numerical modeling of 3D-printed concrete.
Licciardello et al. [26] conducted experimental studies on the
hardening behavior of printed concrete walls. Gebhard et al.
[11] investigated the bending behavior of printed beams.
Duarte et al. [27] investigated the geometric form of printed
buildings. They showed that load-bearing wall systems with
shell and arch forms were desirable geometries [27]. Pan et
al. [28] investigated the effects of raw material properties on
the interlayer bond of printed concrete at different time
intervals. Xiao et al. [29] proposed the idea of using recycled
materials in 3D-printed buildings.

Recently, Xiao et al. [30] reviewed the literature on
appropriate geometric forms and structures for 3DPC

buildings. Essebyty et al. [31] investigated the sustainability
of 3D-printed buildings in a case study. They showed that the
seismic performance of the building was similar to that of an
unreinforced masonry building. In another study, Zhang et al.
[32] investigated the 3D-printed walls under Gaussian-static
loading conditions. Their study proved that the 3DCP
building reinforced with FRP textile had desirable mechanical
properties. One study on the structural design of printed
buildings subject to dynamic loadings is that by Aghajani
Delavar et al. [33], who studied the design, modeling, and
analysis of 3D-printed walls under dynamic horizontal loads.
They proposed analytical equations to forecast the behavior
of 3D-printed walls under in-plane seismic loading, which
OpenSees numerical results validated.

Reviewing the literature on 3DPC buildings proved that
the seismic performance and nonlinear behavior of those
buildings have not been widely studied. Most previous
studies in this field have focused on the mixture plans and
construction methods of 3DPC structures. While seismic
safety is one of the basic needs of any structure located in
an earthquake-prone environment, printed structures are no
exception to this.

Investigating the seismic safety of 3D-printed buildings
could be helpful to expand the practical applications of those
structures. This issue was considered in this study. This
research attempted to determine the basic needs and
characteristics of earthquake engineering in 3D-printed
structures. Here, defining a prescriptive evaluation process
for the seismic safety of printed structures and providing a
practical model for a detailed evaluation of the seismic safety
of these structures were pursued. For this purpose, an
extensive theoretical study was conducted using technical
literature related to printed structures. In the following, the
existing seismic regulations were used for loading, analysis,
and modeling of the considered 3DPC building. Then, a
practical phenomenological model was proposed for a 3D-
printed structure using ABAQUS finite element software.

2 Materials and methods

The initial hypothesis in this study was that the basic
needs of earthquake engineering in printed structures mainly
include control of accelerations. Also, another hypothesis of
the authors was that a prescriptive evaluation process of
printed buildings can be defined based on the existing
building seismic criteria. The research process and results
are described and discussed in the following parts.

2.1 3D-printed structure considered in the study

As shown in Figure 1a, the considered model was a
barrel vault structure with dimensions of 10 x 6 m and a wall
height of 3 m with an arch roofing form. The geometric and
material properties of the considered building were selected
with minimum discontinuity. Therefore, any reinforcements
or different material types were not taken into account. The
existing 3D printing technologies can guarantee the
implementation of the whole building, from the foundation to
the rooftop, without human intervention. Hence, the
considered 3D-printed structure can be implemented without
any human intervention and in all directions, even on other
planets. According to previous studies, the arching system is
one of the recommended forms for 3D-printed structures [8,
27]. As shown in Figure 1b, on each of the longitudinal
perimeter walls (y direction), two openings were considered
as windows, and one opening was created as a door at the
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transverse end of the building. Also, two inner infill walls were
modeled in the considered building. The layers of the walls
and roof of the model had a truss-like structure with a 20 cm
width. As shown in Figures 1c to 1e, the cross-section of the
walls and arch was a two-row truss-like form with a width of
6cm in each row and a distance of 8 cm from each other. The
rows were connected by zigzagged grids with a width of 2.5
cm. A cross-section with parallel filaments and a grid pattern
between them is widely used for 3D-printed structures [34].
The thickness of every printing layer was assumed to be 4
cm. The specific weight of the printing concrete was 2100
kg/cm?.

The maximum height of the arch at the highest point was
3 m. The dimensions of the foundation were 10 x 6 m, with a
thickness of 30 cm. The 3D-printed perimeter walls were
assumed to be the lateral and gravitational load-bearing
systems of the studied structure. Also, it was assumed that
3D printing technology without human intervention was used
in the construction process. Therefore, all the rheological
properties of the concrete material were assumed to be
isotropic and homogenous. During the construction of the
structure, no additional stresses had been applied to the
structure due to the movement of the nozzle or its vibrations,
S0 no stress reduction had been considered in the material
model.

(a)

]— Gem

2.5¢m

]— 6em

20em

(e)

2.2 Loading of the structure

The regulations used in this study included National
Building Regulations of Iran parts 6, 8, and 9 [35-37], which
are dedicated to seismic loading and the design and
execution requirements of masonry and reinforced concrete
buildings, respectively. Also, the Organization of Strategic
Planning and Supervision of Iran publications No. 740 and
360 [38, 39] were used in this study, which includes
guidelines for seismic evaluation and rehabilitation of
buildings. It should be noted that the lack of specialized
regulations was the most essential and fundamental
limitation of this study. Also, the lack of previous studies on
the behavior of 3D-printed structures under the conditions of
natural disasters was another limitation.

Here, a residential building was investigated, which was
located in Tabriz city, Iran, and on the third soil type.
Therefore, according to Iranian seismic standard criteria No.
2800 [40], its experimental period of vibration can be
obtained using Equation 1. Based on the mentioned criteria,
the equivalent lateral force is the most commonly used
technique for seismic analysis.

T = 0.08H%75 (1)

(f)

Figure 1. Finite element model of the considered building in this study: a)3D-printed building; b) building plan; c) cross-
section of the arch and walls; d) a layer of the modeled arch roof; e) a layer of the modeled walls; f) schematic printing
process of the parallel filament with internal grids
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Where T is the main period of vibration(s), and H is the
height of the building (m).

The reflection coefficient of the building is a parameter
that is used for calculating the seismic coefficient of the
building, and it can be calculated by Equation (2).

B=B,N )

Where B; is the spectral shape factor (SSF) and N is the
spectral correction factor. B, is also calculated by Equation

3).
S+ =5,+1(5); 0<T<T,

il
To
B, = S+1; T,<T<T, (3)
T
D(=); T>T,
S+D(5): 7>

Where T is the main period of the building (s), andT,, Tk,
S, and S, are parameters that depend on the soil type and
the seismic zone of the region.

Considering that 3D-printed buildings are not part of any
structural systems classified in the existing seismic
regulations, and given that this research is a pilot study, the
behavior factor of R can be considered equal to 1. This is a
conservative assumption.

Given the values of A, B, and R, the seismic coefficient
of the building can be obtained from Equation (4).

C = ABI/R (4)

Where A is the design acceleration, B is the reflection
coefficient, | is the importance coefficient, and R is the
coefficient of the behavior of the building. The seismic
characteristics of the considered building are tabulated in
Table 1.

Table 1. Seismic characteristics of the building (based on
the regulations [38-40])

A B I R C W
035 275 1 1 0.9625 55784kg

Snow loading, as a live load on the arched roof, was
calculated according to the National Building Regulations of
Iran Part 6 [33] by Equation (5).

Pr = 0.7CsCtCelPg (5)

Where Pris the snow load on the arch per square
centimeter of the horizontal projection of the surface, Ceis
the snow removal coefficient, Ctis the temperature condition
coefficient, Pg is the weight of the snow layer on the
horizontal projection of the ground, and C, is the slope
coefficient of the roof.

The ultimate limit state load combinations were applied
according to Equation (6) [35].

D + 1.5L + 1.2(Lr orSorRr) + 1.2(wor 0.7E) (6)

Where D is the dead load of the building, L is the live load
on the floors, Lr is the live load on the arch, S is the snow
load, Rris the rain load, E is the design earthquake load, and
w is the maximum wind load.

The foundation shear force caused by the earthquake
refers to the sum of the lateral forces of the earthquake,
which is applied to the foundation of the building according
to Equation (7).

V=Ccw 7)

Where V is the floor shear force and W is the effective
seismic weight (including the dead load and the weight of
facilities and infill walls as well as a percentage of the live
and snow loads) [38-40].

The foundation shear force is distributed by the height of
the building by Equation (8).

_ Wh

- Wh
Where Fi is the lateral force at the level of the floor, w is
the weight of the floor, including the weight of the arch and

half of the weight of the walls and columns above and below
the roof, and h is the height of the roof from the base level.

Fi (8)

2.3 Shear resistance force of the wall [10]

The shear stress in 3D-printed structures can be defined
as Equation (9) using Mohr—Coulomb theory.

T = oTAN(D) + Cc (9)

Where 1 is the resistant shear stress in the wall, o is the
normal stress due to the weight of the upper layers, @ is the
internal friction angle, and Ccis cohesion. The value of gis
calculated by Equation (10).

0 = ph (10)

Where p is the concrete density, and h is the height of the
wall.

To obtain the shear stress, the value of Cc should be
determined by Equation (11).

_ (1 = Ky) + (1 + Ky)sin (®)

Ce 2cos (D)

(11)

The value of Ky is equal to the Poisson ratio of the
material.

2.3.1 The friction force [10]

The maximum frictional stress is obtained from Equation
(12).

~_HWg
Fer(i) = Thi (12)
Where Fcr(i) is the maximum interlayer frictional stress,
u is the coefficient of internal friction, Vg is the gravity load
caused by dead and live loads on the wall, L is the length of
the multilayer beam or wall, and bi is the inner surface of the
wall or multilayer beam.

24 FEA

The dynamic analysis of the structure under earthquake
excitation was performed using the finite element software
by introducing the ground displacement time history at the
base level of the building. In this analysis, the damping ratio
can be assumed to be 5%, unless it can be shown that other
values are more suitable for the structure [40]. Currently,
there is no consensus about how to select and scale the
earthquake motions for code-based design and evaluation of
the seismic performance of buildings using nonlinear
response history analysis [41].

The finite element modeling of the 3D-printed structure
was implemented using ABAQUS software following the
criteria discussed in the National Building Regulations of
Iran, Part 8 [36]. In the following, the loading of the structure
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and the ultimate state load combination were defined. Tabas
earthquake records were used as the design earthquake in
this study. Finally, non-linear time history analysis of the
structure was done, and the results were evaluated.

2.4.1 ABAQUS software [42]

ABAQUS is a commercial package for computer-aided
FEA of structures. The Explicit solver is one of several
multipurpose solvers in ABAQUS that uses the explicit
integration method to solve problems with a high degree of
nonlinearity, such as complex contact interactions and
severe transient loads. In this study, the explicit solver of
ABAQUS is used to analyze the considered 3D-printed
building under seismic loads.

2.4.2 Material model

In the previous studies, no special constitutive model for
3DPC has been introduced yet [43]. According to past
studies, the numerical simulation methods for masonry and
other layered structures can be considered for 3DPC [44].
The material model used in this study was plain cement
concrete (PCC) (not reinforced). Therefore, the Concrete
Damage Plasticity (CDP) model was used to define the non-
linear behavior of the material, which is available in the
material library of ABAQUS. In order to obtain the inelastic
behavior of the material, damaged elasticity, and isotropic
tensile, and compressive plasticity can be used in the CDP

model. According to Equation (13), the total strain tensor €
consists of two elastic and plastic parts.

E=¢g, t &y (13)

Where ¢ is the total strain tensor, ¢, is the strain tensor
of the elastic region, and &, is the plastic strain tensor.

In this model, isotropic hardening variables are
expressed by inelastic compressive strain, cracking strain,
including plastic hardening strain, and residual strain due to
the damage. Hardening variables are used to control the
crack development or failure level. Figure 2 shows the
uniaxial compressive and tensile behaviors of the concrete
material in the CDP model.

In Figure 2, g, is the ultimate compressive strength, o,
is the compressive strength, ¢, is the inelastic strain, and
o.is the compressive strength of concrete. g, is the tensile
stress, a;, is the tensile strength, c,is the plastic strain
tensor, and ¢,is the tensile strain. The compressive and
tensile behavior of the unconfined concrete can be
calculated based on the formulas presented in the literature
[45].

Table 2 shows the specifications of the concrete material
used in the 3D-printed structure model in this study. In this
model, the results of previous studies on the behavior of
unconfined plain concrete [45] have been used, which were
assumed to be similar to the material behavior of the 3D-
printed concrete considered here. In Table 2, f is the initial
uniaxial compressive yield stress, K is the shape parameter,
and p is the mass density of the material.

a, ot
N
’ Otq
GCL!
UCO
I &p €in el - >t
Ep Ein Eel
(a) (b)
Figure 2. Concrete behavior: a) incompression; b) intension [45]
Table 2. Specifications of the concrete material model
Elasticity parameters plasticity parameters
Young's I o
modulus(kg/cm?) 250000 dilation angle (°) 30
feo 234 eccentricity 0.1
Poisson ratio 0.24 foo/feo 1.16
Friction coefficient 1.94 K 0.67
20 viscosity parameter 0
i p (kgim?) 2100

compressive behavior

Compressive damage

yield stress (kg/cm?) inelastic strain

damage parameter inelastic strain

104.2 0

130.52 0.000077
152.9 0.00017
171.03 0.00028
185.58 0.00042
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195.78 0.00057
201.9 0.00074
203.94 0.00093
200 0.0011
195 0.0013
185 0.0016
170 0.0018
152 0.0021
130.5 0.0024
104 0.0028
73.42 0.0031
32.6 0.0035

0 0.00057

0 0.00074

0 0.00093
0.01 0.0011
0.04 0.0013
0.09 0.0016
0.16 0.0018
0.25 0.0021
0.36 0.0024
0.49 0.0028
0.64 0.0031
0.81 0.0035

tensile behavior

tension damage

yield stress (kg/cm?) cracking strain

damage parameter cracking strain

0
0.02 0.00094

0 0
0.99 0.00094

Interfacial forces between the printed layers were
introduced to the model using Equations (9)-(12). As
mentioned before, each printing layer with a 4 cm thickness
was subject to the bonding resistance of the face and the
weight of the upper layers. FE modeling of the printing layers
is illustrated in Figure 3.

Figure 3. FE modeling of the consecutive printed layers

2.4.3 Boundary conditions and meshing

The nodes of the foundation floor were fully restrained
against displacement and rotation in all directions. In the
STEP of the earthquake excitation, the time history record of
the earthquake was applied to the foundation nodes as
boundary conditions (BCs). At the same time, the other
degrees of freedom were still restrained. In order to avoid
convergence problems in the software, three-dimensional
HEX (8-node brick) elements with average dimensions of
30x30x30 cm were used to model the solid layers of the
cross section. Also, the zigzagged grids between the two
were modeled using 4-noded shell elements. Figure 4 shows
the meshing of the FE model as well as the BCs defined in
the analysis steps.

(@)

(b)
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L

Figure 4. FE modeling of the considered building: a) meshing of the model; b) BCs for earthquake load step; c) BCs for initial
and gravity load step.

In the analysis procedure of the model, a separate static
general STEP was defined for gravity loads. A dynamic load
STEP was assigned to the seismic loads as well, and the
multi-step analysis was implemented. The results of the
analyses were summarized and discussed in the following.

2.4.4 Seismic excitation

To put the earthquake loads on the building, the
horizontal part of the earthquake accelerogram close to the
Tabas fault, which has the details shown in Table 3 and
Figure 5, was used. It came from a peer site [46]. Due to the
time-consuming explicit analysis procedure in ABAQUS as
well as the large number of elements in the considered
model, only the records of severe ground motions from the
earthquake were used here (Figure 6).

Table 3. Characteristics of the Tabas earthquake records

3 Results and Discussion

This section reviews the study findings regarding how
seismic excitation affected the behavior of the 3D-printed
structure. Here, the horizontal seismic excitation was applied
once along the x-axis (transverse direction of the building)
and the y-axis (longitudinal direction). The effects of external
loading, cracks propagation, and the severity of damage to
the structure during the earthquake were evaluated. In the
following, the failure pattern of the structure was
investigated. Finally, possible solutions to deal with the
structural damages were presented according to the
regulations and previous studies.

In this study, due to the lack of facilities to construct the
3D-printed structure as well as the lack of results of
experimental studies on this type of structure, it was not
possible to validate FEA results compared to the laboratory
data. Hence, the results of all analyses were interpreted
theoretically according to scientific principles and theoretical
engineering considerations. Also, according to the design of
the research model following the Iranian National Building
Regulations, all the responses of the structure were
controlled by those regulations.

FEA performed by Tahmasebinia et al. [47] on a model
of a 3D-printed structure with arch roofing showed that the
joints between the arch and walls and the foot of the arches
were always the most critical positions under gravitational
loads. These results are consistent with the results of the
upcoming research. In the following parts, those results will
be provided and discussed.

Spectral . Ma

ordinate event year station Mechar?ism
SRSS Tabas,ran 1978 Bajestan 7.3
SRSS Tabas,iran 1978 Boshrooyeh 7.3
SRSS Tabas,ran 1978 Dayhook 7.3
SRSS Tabas,ran 1978 Ferdows 7.3
SRSS Tabas,ran 1978 Kashmar 7.3
SRSS Tabas,ran 1978 Sedeh 7.3
SRSS Tabas,ran 1978 tabas 7.3

3

[nf=]
()=
o4
oz
K MMMW'W\MMWMWW
-0.4
-0.6
-0.2

=l m M 12 13 14 1| 16 17 18 18 200 21z 23 294 2 26 27 X 8 3 3 :m 33

Time [sed]

Figure 5. The Tabas earthquake accelerogram

Dis placement [cm]

20
20
10
) AT TN
0
.20
=30

o a Mo M 12 13 ¥ 15 6 A7 18 19 20 X 22 23 24 2 26 2 ¥ 9 30 N 3 33

Time [sed]

Figure 6. Strong ground movements of the Tabas earthquake records
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3.1 Deformations and displacements

Figure 7 shows the structural elements before and after
the seismic excitation along the x-axis (transverse direction
of the building). Therefore, the undeformed shape of the
elements is visible behind the deformed shape, as shown in
Figure 7. The largest deformation occurred in the elements
of the arch (the connection points to the wall) and in the
connection points of the base of the walls to the foundation,
where there is a sudden change in the geometry of the layers.

3.2 Deformation and stress in the arch system

Under seismic excitation along the x-axis, the von Mises
stress quantities in the arch of the building along the path, as
shown in Figure 8a, are drawn in Figure 8b. Due to symmetry
in the structure and seismic excitation, only half of the arch
span has been checked. Figure 8b shows that the von Mises
stress has increased significantly in both halves of the arch.
This result is rational because a shallow arch behaves like a
beam under uniform loading conditions [48].

Figure 8c illustrates the variations in von Mises stress in
the arch along the considered path in the z-direction (height

(a)

of the structure). As shown in Figure 9c, the stress at the
arc's beginning shows a higher value. But gradually, from the
edge to the end of the first third of the arch, the stress
reduces significantly. Then, in the middle third of the arch, a
significant increase is observed again. Given that von Mises
stress is used for normal, shear, and combined stress, as
shown in Figure 8, it is concluded that the behavior of the
arch corresponds to the behavior of a beam under a uniform
load.

Figure 9a illustrates the variations in the displacement of
the arch elements in the x-direction proportional to the
distance along the arc, drawn along the same path as
demonstrated in Figure 9a. The displacement shown in
Figures 9a and b demonstrates that the failure occurred
almost at the beginning of the arch. Also, the amount and
trend of displacement in the x- and z-directions are very
similar. So, at the beginning of the arc, the slope of
displacement changes in the x-direction is much steeper
than the displacement slope in the z-direction. This
difference is due to the presence of a support in the z-
direction. In the x direction, due to being in alignment with the
lateral force as well as the gap space between the two faces
of the truss section of the wall, higher displacement occurs.

v\
L

0 5 23 52 92 141 198 260 321
X distance along path (cm)

\_J\/

(b)

200
100

(a)
300
N 250
g A
~N
[-T4]
£
2
g
Z \ J
50 \—"
0 T T T
0 67

128 184 233 272 300 315 322
Z distance along path (cm)

Figure 8. a) The considered path on the arch; b) von Mises stress variations in the x-direction; c) von Mises stress variations
in the z-direction
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Figure 9. Displacement variations in the arch proportional to the distance from the beginning of the arch in the: a) x-direction;
b) z-direction

By comparing Figures 8 and 9, it can be said that the
stresses increase significantly in the middle of the arch. On
the other hand, the high amount of displacement at the
beginning of the arch has led to failure at this point.
Therefore, at the beginning of the arch, i.e., at the
connections of the arch and the wall of the building, there is
a need to strengthen and/or replace the geometry or
materials. In order to solve this problem, it is better to
combine different arc radii in the arch or other roofing forms
with a uniform change in the connection to the walls. In
previous studies, other geometric shapes have been
proposed for the roof of 3D-printed buildings [8, 49].

The maximum response value of the support reactions,
as demonstrated in Figure 10a, is equal to 1.102 x 10° kgf
(1.081 x 108 N). This was recorded in one of the middle
nodes of the building's foundation, which has reached the
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QDB: Job-onepol-1-1.0db  Absqus/Explicit 6,14-5  Tus Nov 28 07:26:48 Iran Standard Time 2022
Step: Step-1
Xincrement  1510: Step Time = 1.4907€-02
Frimary Vari EF, 1

formed Var: U

Aagnitude
Def Deformation Scale Factor: +1.000e+00

z

ep-1
nt 151

ncre
Primary Uar: U, Ma
Deformed var: U

e = 16907602

(c)

point of yielding and failure in terms of resistance. On the
other hand, the maximum plastic strain occurred in one of the
middle nodes at the joint of the internal partition to the
perimeter wall of the building (Figure 10b). The place where
the maximum deformations occurred was on the edge of the
partition wall connected to the perimeter wall. This reveals
the critical effect of partition walls and their connection to the
structure. Observations revealed that the highest stress in
the structure occurred in the middle part of the longitudinal
wall, perpendicular to seismic excitation. This point is
precisely where the interior partition is connected to the
perimeter wall of the building. Therefore, this also indicates
the importance of placement and the existence of partitions
in 3-D printed structures.

(b)

ion Seale Factor: +1,0008+00

Figure 10. Extreme values of: a) support reactions; b) plastic strains; c) displacements
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Figure 10c shows that the highest displacement in the
structure is related to the grids located between the two
layers of the arch. Most of the time, components of truss-like
sections undergo buckling and instability issues before
reaching the yield point. These large deformations cause
structural collapse in the truss-like section components
before reaching the yield condition. The walls of the model in
this study also follow the pattern of truss behavior. In most
cases, the arch is vulnerable due to the large displacement
of the structure. This can be seen more clearly if the
deformation is magnified, as shown in Figure 11.

Figure 11. Maximum damage to the structure (magnified
deformations)

ODB; Job-onepol-l-1.odb  AbaquUS/Explicit §.14-5 Tue Nov 29 07:26:49 Iran Standard Time 2022

Stress (kg/cm2)

400

3.2 Stress and displacement in the foundation

Under seismic excitation along the x-axis (transverse
direction of the building), as shown in Figure 12a, a path was
considered in the structure foundation in the direction of the
y-axis for the changes in stress and reactions in the support
(building foundation). Figures 12b, c, and d show the
variations in von Mises stress, plastic strain, and support
reaction forces in the considered path, respectively. Figure
11c shows that approximately 800 cm from the beginning of
the path, along the length of the structure, the stress has the
highest value. Also, at the beginning and end of the path, the
amount of stress is found to be very large in the structure's
foundation.

As shown in Figure 12d, the support force in the structure
foundation near the distance of 800 centimeters from the
beginning of the path has the highest value, as shown in the
stress diagram. The presence of internal infill walls and their
connection to the external walls on this side of the building
can be the main cause of asymmetries in the stress and
strain responses as well as the reactions in the foundation.

In the printing process of 3D structures, all the building
components are executed layer by layer. Therefore, the
partitions inside the building cannot be considered
separately from the (lateral or gravitational) load-bearing
system. This internal partitioning affects the behavior of the
structure. Therefore, the thickness of the partition walls, their
location, and their length are very significant issues.
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Figure 12. a) The considered path on the support; b) stress in the y direction; c) plastic strain, d) support reactions
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3.3 Stress and displacement in the longitudinal direction of
the structure

Under seismic excitation along the x-axis (the transverse
direction of the building), Figure 13a shows the considered
path in the arch. The diagram of the variations of the von
Mises stress in the radial direction is drawn in Figure 13b.
According to Figure 13b, in the middle part of the diagram,
the value of the stress has reached zero in some elements.
In the displacement diagram (Figure 13c), at the same point,
the displacement response is at its peak value. As shown in
Figure 13d, collapse has occurred at this point, indicating
that failure (instability) has occurred due to large
deformations. Therefore, it can be concluded that the
structure needs to control displacement and strengthen the
materials or sections used at the maximum displacement
points.

It was observed that the highest base reaction was
created at the beginning of the wall, i.e., at the connection
zone of two external perpendicular walls. The reason for this
is probably related to the shear behavior of the wall parallel
to the direction of seismic excitation.

3.4 Seismic excitation in the longitudinal direction

In the case where the horizontal seismic excitation is
defined along the y-axis (longitudinal direction of the
building), as shown in Figure 14a, the damage to the roof of
the structure is significant. Therefore, there are human life
risks for the users of 3D-printed structures with truss-like
sections. Therefore, if these structures are used in areas with
very high seismic hazards, the necessary measures should
be taken into account. As shown in Figure 14b, the roof of
the structure has broken, and most of the zigzagged grids
between the two layers of the arch are separated. As shown
in Figure 14c, despite applying a high friction coefficient
among the layers of the model, the sliding of the arch is
evident on its supports. The sliding of the arch on the
supports causes damage to the walls located in the inner part
of the arch. Therefore, concentrated bending occurs in the
arch, depending on the number of separating walls located
in the internal parts of it.
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Figure 13. a) The considered path on the arch; b) von Mises stress; c) displacement; d) strain in the radial direction
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(c)

Figure 14. Seismic excitation on the length of the building, a. damage to the arch, b. damage to the grids between the
windows, c. slipping of the arch over the living room

Adding rebars is one of the ways to increase the tensile
strength and thus improve the behavior of the roof of 3D-
printed buildings [15]. Although several studies have been
conducted in this field, the practical application of this
method requires complex technologies and expensive
machinery, which leads to an increase in the total price of the
printed structures. Another way is by adding fibers,
especially long fibers, to the mixture of printing materials [14,
17]. It should be noted that excess use of those fibers can
cause problems in the extrusion process. Therefore, some
limitations should be considered when adding fibers to the
mix [7].

Studies have shown that using smaller components and
elements increases the load-bearing strength and reduces
the stress concentration in 3DPC structures [1]. One of the
cases that can improve the structural roof resistance is the

(@)

reduction in the density of the concrete, which causes a
lighter structure and thus reduces the seismic loads.

3.5 Shear force in the longitudinal direction

As shown in Figures 15a and b, the wall, which is
considered the gravitational and lateral load-bearing system,
is removed from the system, and the building faces complete
collapse. Therefore, in the case of using this type of 3D-
printed structure in areas with high and very high seismic
risks, the necessary measures should be taken into account.
For this purpose, the shear resistance of the walls should be
increased, especially at the connection points to the
foundation.

(b)

Figure 15. Shear damage to the foot of the walls under earthquake loading in the longitudinal direction of the structure: a)
damage contours; b) magnified image of the wall'sdamage
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One of the factors affecting the shear force applied to 3D-
printed structures is the bond at the layer's interface. One of
the critical solutions to the insufficient interface shear
resistance is using steel rebars or fasteners [24]. As well,
more suitable geometric shapes for the layers, for example,
V-shaped forms that are placed inside each other, can be
utilized [49]. Also, the design of short shear walls can be very
effective.

4 Conclusion

Seismic safety is one of the basic needs of any structure
located in an earthquake-prone environment. Printed
structures are no exception to this rule. In this study, the
behavior of a 3DPC building was investigated. The structure
has a truss-like cross-section and is located in an area with
very high relative risk. The Tabas earthquake records were
selected as seismic excitations here. First, the basic needs
of earthquake engineering for 3D-printed buildings were
determined by extensive theoretical studies. Given the pilot
nature of this study, a large part of the work included the
same theoretical studies. Then, a prescriptive evaluation was
done based on the regulations of similar structures. In the
following, the safety methods of 3DPC buildings were
discussed, and seismic evaluation was done using the
results of explicit FEA by ABAQUS software.

According to the results, the displacement response
played the most critical role in the structural failure. Most of
the parts of the structure suffered damage and buckling due
to local displacements before reaching the yield stress. The
reason for this was the truss-like sections. In the state of
seismic excitation along the length of the structure, tensile
performance was dominant in the components. Due to the
inherent weakness of concrete material in tension, the failure
was higher than in the state where the seismic excitation was
along the width of the structure. When the force of the
earthquake was applied along the width of the structure, the
arch roof of the structure had compressive behavior. The
results of the analysis showed that the location of load-
bearing and non-load-bearing walls (infill walls) was very
significant. The presence of walls was very influential on the
performance of the supports (building foundation). According
to the results, the following can be suggested regarding the
seismic behavior of 3DPC buildings:

— According to the hypotheses of this study, the
structural components had a very low displacement and
deformation capacity due to the functional properties of the
materials. As a result, limiting and controlling displacements
and rotations is a necessity.

— Using shear walls, 3D-printed structures can be
secured against earthquake loads.

— Existing finite element software can be used to
achieve a detailed and practical evaluation of 3D-printed
structures to some extent.

For further studies and to complete this research, the
authors decided to address materials with better tensile
capacity and other types of 3D-printed structural models,
such as printed buildings with limited human intervention
under seismic loads.
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