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Siti Aisyah Nurjannah*, Saloma, Hanafiah, Nadia Darin Putri, Fadel Satria Albimanzura
Civil Engineering Department, Faculty of Engineering, Universitas Sriwijaya, Indonesia

Wall panels are non-structural parts of buildings that are considered dead loads. The mass of wall panels must be
reduced to minimize earthquake risk and enhance structural resistance to lighter dead loads. This study used wall
panel models that consisted of lightweight foamed concrete materials containing expanded polystyrene. The wall
panels used in this study also had a variety of dimensions and reinforcements. The effect of openings on wall panel
model performance was also investigated. This study aimed to analyze the performance of lightweight concrete wall
panel models under static lateral loads applied until the ultimate condition. It was found that the load-deformation
relation performs varying values of stiffness, strength, and ductility depended on the wall panel dimensions, reinforce-
ments, and openings. A wall panel model with a height of 1000 mm that had length of 1500 mm and thickness of 60
mm with wire mesh and without openings achieved the highest ultimate stiffness and strength. The highest ductility
was achieved by a wall panel model with openings, without wire mesh, with height, length, and thickness of 1500
mm, 1500 mm, and 40 mm, respectively. Diagrams of the deformations in this paper reflect the compressed and ten-
sioned areas. The lefthand parts of all wall panel models without wire mesh were tensioned and had concentrations
of deformation in those areas. The existence of openings also caused increased deformation due to less stiffness in

the wall panel models.

Key words: ductility, lateral load, lightweight concrete, wall panel, wire mesh

INTRODUCTION

Wall panels are commonly used for partitioning spac-
es in buildings [1]. The materials used for wall panels
are made up of non-structural concrete that meet the
strength of light mass requirements. One of the mate-
rials most appropriate to meet these requirements is
foamed concrete. The mass of foamed concrete allows
for the reduction of structural dimensions which results
in buildings that are lighter than conventional ones [2,3],
thus reducing the risk of damage under severe earth-
quake conditions, especially in high rise buildings [4].
The mass of foamed concrete ranges from 1200 to 1800
kg/m®and is included in the category of lightweight con-
crete. In this study, lightweight concrete was used as a
material for wall panel models. The concrete consisted
of Portland Composite Cement (PCC), expanded poly-
styrene (EPS), a foam agent, and water [5]. The use of
EPS contributed to the hydrophobic qualities, as well as
resistance to high thermal insulation and moisture, pro-
vided high durability and the ability to be formed in var-
ious sizes, along with recyclability [1,6,7,8]. Reinforced
concrete panels with concrete compressive strengths of
38.0 up to 99.3 MPa can resist axial loads ranging from
191.3 to 1583.3 kN [9]. Although they are included in the
non-structural system, reinforced concrete walls can af-
fect the stiffness and strength of a building structure [1],
especially when these contain openings for doors and
windows [10]. A need remains for analyzing the behavior
of lightweight wall panels under severe conditions, such
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as lateral loads due to earthquakes. Wall panels consist
of partial non-structural components that form wall units
and are widely used for lightweight construction. Com-
pared to conventional brick walls, the thinner dimension
of these wall panels provides a lesser load for buildings
[11]. To investigate the performance of wall panels under
lateral loads due to wind and severe earthquakes, exper-
iments were conducted [12] using five types of wall pan-
els with variations of frame materials and insulating con-
crete form (ICF) grids [13]. The concrete compressive
strength of ICF wall panels is 17.24 MPa and is included
in structural components. In this study, monotonically-in-
creasing static lateral loads with initial loads of 0.89-1.33
kN were applied to each specimen. The maximum lateral
drifts ranged from 19.30 mm to 22.60 mm and 41.66 mm
to 67.56 mm for framed and ICF wall panels, respective-
ly. The maximum lateral loads ranged from 17.81 kN to
20.25 kN and 124.06 kN to 152.33 kN for framed and ICF
wall panels, respectively. These experiments showed
that ICF wall panels could resist higher lateral loads than
the various framed wall panels that were tested [13,14].
Reinforced concrete openings in wall panels with slen-
derness ratios of 30, 35, and 40 were tested under uni-
formly distributed axial loads in one-way and two-way
directions. The wall panels were reinforced by wire mesh
in the center of the cross-sections. Each opening corner
was reinforced diagonally to prevent shear cracks. The
one-way wall panels showed typical single-curvature
bending failures in horizontal cracks, while the two-way
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wall panels showed typical double-curvature bending
failures in diagonal cracks along the corners. The curves
of load-deflection of the normal and high strength con-
crete wall panels were more non-linear and linear, re-
spectively, than at the beginning of the loading history [9].
Six thin concrete wall panels with various aspect ratios
(height/length) and concrete strengths were subjected to
axial-eccentric uniformly-distributed loads in a two-way
direction. The materials used in the experiments were
normal and high-strength concrete, which consisted of
Reactive Powder Concrete (RPC). The results of the
experiments showed that an increase in aspect ratios
decreased axial loads in normal concrete wall panels,
while the opposite effect occurred in the RPC wall pan-
els. The loads increased in the higher range of normal
concrete strength, while the opposite effect occurred in
the RPC wall panels. The deflections increased in the
higher aspect ratios of the normal concrete wall panels,
while the opposite effect occurred in the RPC wall pan-
els [14]. Previous studies have used various dimensions
of wall panels; these include concrete wall panels with
lengths and heights of 1200 mm, 1400 mm, and 1600
mm and all having the same 40 mm thickness. Open-
ings that served as windows and doors affected the main
strength of the walls. Overall, the behavior of reinforced
concrete walls with openings was effected by the geom-
etry, supporting conditions, material properties, and di-
mensions, as well as the number of openings and their
locations [15]. A previous study used wall panels made
of lightweight concrete which were subjected to lateral
loads. Some finite element models were used to predict
specimen behavior; these showed close-crack patterns
and load-deflection curves. Every two precast wall pan-
els was connected with dowels, which indicated that hav-
ing more dowel connections increased the resistance of
the wall panels to lateral loads and reduced deforma-
tions [16]. Although non-structural lightweight concrete
wall panels are widely used, their behavior under lateral
loads still needs to be investigated, especially in high-
risk earthquake zones. This study aims to determine the
performance of lightweight concrete wall panel models
that are subjected to static lateral loads until the ultimate
condition, using a finite element method program by
varying the dimensions, reinforcements, and openings.
Efforts were made to assess the performance of these
wall panel models under static lateral loads. By using an
analysis of the correlation between load-deformation,
stiffness, ductility, and deformation, information could be
obtained about the behavior of these panel models under
severe earthquake loads. In the past, researchers have
conducted studies of wall panel behavior using the finite
element method in numerical modelings. They reported
that a prediction of the behavior of wall panel models in
terms of correlation of load-deformation, stiffness, duc-
tility, and temperature effects could be obtained by us-
ing numerical modelings [17,18]. The wall panel models
were simulated as bearing elements. This information
was taken into consideration when replacing the thick-
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er precast non-composite walls with thin-shell concrete
sandwich panels [17]. Numerical modelings have also
been used to predict the effect of insulation in resisting
heat in the occurrence of fires. The results showed that
the temperature-time curves of the numerical modeling
were similar with the experimental specimens [18]. A
previous study on the effect of sandwich panels in ballis-
tic performance and energy absorption using numerical
modelings has also been made. This study analyzed the
correlation between residual velocity and the shape of
the projectiles that impacted the panel models. The nu-
merical results achieved were in good agreement with
the literature [19].

MATERIALS AND METHODS

The material properties for modeling input in the ANSYS
program used in this study referred to previous laboratory
research results [5,20]. The materials used were foamed
lightweight concrete with EPS and wire mesh, which are
described in the following subchapter: Materials. It was
necessary to use non-linear modeling to present the be-
havior of the materials that formed the wall panels.

Finite Element Method

The finite element method (FEM) is a numerical method
that breaks down domains into several subdomains, or
finite elements with systematic estimation, to build solu-
tions. Three points need to be taken into consideration
when using this method [21]:

* Physical phenomena used to analyze the case and
determine the deformation, critical areas, stress, and
cracks.

» Discretization to divide domains into smaller sub-do-
main (finite elements). Sub-domains are regions that
are bounded by lines of elements which connect be-
tween nodes.

« Assumption of linear functions for all sub-domain re-
sponses. The solution to the responses is obtained
from iterations.

The ANSYS program was used for the non-linear analy-
sis. The concrete materials, wire mesh, and steel plates
were modeled using Solid65 (8-node), Link180 (2-node),
and Solid45 (8-node) elements, respectively. Solid65
was used to model the behaviour of concrete materi-
als; i.e., brittle and unsuitable in resisting tensile forces.
Link180 was used for modeling wire mesh with high duc-
tility, while an analysis of the behavior of the steel plates
was performed by Solid45 [22]. The ANSYS analysis
was carried out in this study by subjecting the wall panel
models to lateral loads. ANSYS uses the Newton-Raph-
son method to solve non-linear equation problems to ob-
tain deformations through direct iterations. This process
can be described in Equations (1) and (2) [21]:

[K]{u} = {F} (1)
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where [K], {u}, {F} are the stiffness matrix, the deforma-
tion vector, and the load vector, respectively; {u™'} is
anapproximation of (r+1)-iteration. This will be conver-
gent for an increased r when the values of {u’} are close
to {u™"} with minimum deviation. The non-linear equilib-
rium was solved using the Newton-Raphson iteration
method [23].

Materials

The materials of the wall panel used in this study con-
sisted of lightweight foamed concrete and wire mesh.
Table 1 shows the stress and strain properties of the
lightweight foamed concrete using EPS. The material
properties were: mass density, modulus elasticity, com-
pressive strength, and the tensile strength of the foamed
concrete, which were: 832.26 kg/m?, 4900 MPa, 5.224
MPa, and 0.2612 MPa, respectively [5].

Table 1: Stress-strain curve property of foamed
concrete age 28 days [5]

No. Stress Strain No. Stress Strain
(MPa) [ (mm/mm) (MPa) | (mm/mm)
1 0 0 10 2.659 | 0.00101
2 0.147 | 0.00003 1" 2.930 | 0.00109
3 0.439 | 0.00012 12 3.241 | 0.00116
4 0.754 | 0.00025 13 3.662 | 0.00124
5 1.094 | 0.00042 14 3.831 | 0.00135
6 1.399 | 0.00058 15 4.366 | 0.00183
7 1.754 | 0.00070 16 4.672 | 0.00205
8 1.950 | 0.00081 17 4.858 | 0.00212
9 2.386 | 0.00095 18 5.224 | 0.00235

The wall panel models were reinforced with wire mesh
that was 4 mm in diameter with a spacing of 150 mm.
Figure 1 shows the stress and strain relation of the wire
mesh in an ascending curve. The modulus elasticity (E,),
yield strain (g), yield strength (fy), and ultimate strength
(f)) were: 177,570.19 MPa, 0.002562, 424.52 MPa, and
538.68 MPa, respectively [20].

Stiffness and Deformation Ductility

Stiffness is dependent on structural configuration, di-
mension, member behavior, and material properties [24].
Stiffness (K) performs the load (F) to deformation (d) ra-
tio [25], as described in Equation (3):

K = al 3
Deformation ductility (u) is the ratio of ultimate to yield
conditions of the deformations (5, and 5, respectively)
[26, 27], as follows in Equation (4):
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Figure 1: Curve of the stress-strain property of wire
mesh 4 mm in diameter

% (4)
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5}’

Methodology

In this research, lightweight concrete wall panel models
were subjected to incremental static lateral loads until
the ultimate condition. The wall panel models varied in
dimension, reinforcement (wire mesh), and openings.
The analysis was conducted using ANSYS as a finite
element method program. The lateral static loads were
applied on steel plates on the left and top of the panels
and increased by 200 N until the panels collapsed. The
analysis results were depicted in curves that showed a
correlation between static lateral loads and lateral de-
flections in representing the performance of each wall
panel model.

Some assumptions were made in the modeling:
1. The wire mesh had fully bonded to the concrete.

2. Anchored wire mesh modeled as fixed-end re-
straints

Geometrical Data Model

As seen in Table 2, 24 wall panel models with variations
in dimension, wire mesh (reinforcement), and openings
were used. Letters H, L, T, W, and O represent height,
length, thickness, wire mesh, and double-square open-
ings, respectively. Table 3 shows the aspect ratio (H/L)
and slenderness ratios (H/T) of each wall panel model.
The loading setup of each wall panel model and the lateral
load was based on the code in Figure 2 [28]. Wire mesh
was anchored to the fixed base, and each panel was
firmly bolted to the loading fixture. The height and width
of each square opening was 200 mm. Figure 3 shows the
dimension of wall panel models numbered 1 to 18 (Table
2) with various thicknesses and reinforcements. Figure
4 shows the dimensions of the concrete panel models
numbered 19 to 24 (Table 2) with double-square open-
ings without and with reinforcements. There were three
diagonal steel bars in the corner of each opening; these
were 4 mm in diameter, with a length of 140 mm, the wire
mesh in the wall panels having a 50 mm spacing.
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Table 2: Dimensions of the wall panel models Table 3: The aspect and slenderness ratios
Wall Panel H L T Wall Panel Wire
No Models (mm) (mm) (mm) No. Models Mesh (H/L) (H/T)
1 | 1000H.40T | 1000 | 1500 40 1 { 1000H.40T - 0.67 25.0
2 | 1000H.50T | 1000 | 1500 50 2 | 1000H.50T - 067 | 200
3 | 1000H.60T 1000 | 1500 60 3 | 1000H.60T - 0.67 16.7
4 | 1500H.40T | 1500 | 1500 40 4 | 1500H.40T - 100 | 375
5 | 1500H.50T | 1500 | 1500 50 5 | 1500H.50T - 1.00 | 30.0
6 | 1500H.60T 1500 | 1500 60 6 [ 1500H.60T - 1.00 25.0
7 | 2000H.40T | 2000 | 1500 40 7 | 2000H.40T - 1.33 50.0
8 | 2000H.50T | 2000 | 1500 50 8 | 2000H.50T - 133 | 400
9 | 2000H.60T | 2000 | 1500 60 9 [ 2000H.60T - 1.33 33.3
10 1000H.40T.W 1000 1500 40 10 1000H.40T.W @4-150 0.67 25.0
13 1500H.40T.W 1500 1500 40 13 1500H.40T.W @4-150 1.00 37.5
16 2000H.40T.W 2000 1500 40 16 2000H.40T.W @4-150 1.33 50.0
19 | 1500H.40T.0 | 1500 | 1500 40 19 | 1500H.40T.0 - 1.00 37.5
20 | 1500H.50T.0 | 1500 | 1500 50 20 | 1500H.50T.0 - 1.00 | 300
21 | 1500H.60T.O0 | 1500 | 1500 60 21 [ 1500H.60T.0 - 1.00 25.0
22 | 1500H.40T.W.O 1500 1500 40 22 | 1500H.40T.W.O | @4-150 1.00 37.5
width width
Rt ol
B q! o]
ol e
HOHLID DO =LATERAL ‘.li 1S _ ROLLER : ]
GIRCAA e N o B -
LOAD LOADING FIXTURE
*‘,,,__? LOADING FIXTURE & L]
MEASUREMENT i - 1
| 1200 | ——
(a) 1500 x 2000 (b) 1500 x 1500
width
DTSN .
MEASUREMENT (V) _BOLTS ‘:i" BOLT._
= P A | Tl stor 1 g
BASE FIXTURE (AAy) | -
A DISFLACEMENT _ L
MEASUREMENT SECTION A-A
NOTE: LATERAL GUIDES ATTACHED TO FRAME OR OTHER RIGID SUPPFORT | 1500 |
Figure 2: Set up of lateral loading on vertical panels [27] ' (c) 1500 x 100’0
Figure 3: Dimensions of the wall panel models
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Figure 4: Dimensions of the wall panel models with openings

RESULTS AND DISCUSSION

The incremental lateral static loads pushed against the
wall panel models, which resulted in lateral deformation.
The lateral deformation values varied and depended on
the reinforcement, aspect ratio, slenderness, and num-
ber of openings.

Correlation Between Load and Deformation

The correlation between lateral loads and deformations
in the wall panel models with various heights and thick-
nesses without wire mesh is shown in Figures 5 to 7.
The thicker wall panel models showed higher resistance
performance than other models of the same height and
length. Wall panel models with thicknesses of 60 mm
provided greater stiffness, yield, and ultimate loads than
the thinner wall panel models. The wall panel model with
a height of 2000 mm and a thickness of 60 mm showed
a higher lateral deformation than other models with the
same thickness.

15 -

. ——2000H 60T
=

= 10 - ——2000H.50T
s

3 —— 20004 40T
@

o 07

E —

—1

S S—

0 5 10 15 20 25 30
Lateral deformation (mm)
Figure 5: Curves showing lateral load-lateral

deformation of wall panel models having 2000 mm
height without wire mesh
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Figure 6: Curves showing the lateral load-lateral

deformation of wall panel models having 1500 mm
height without wire mesh
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Figure 7: Curves showing lateral load-lateral
deformation of wall panel models having 1000 mm
height without wire mesh

Figures 8 through 10 show the correlation between lat-
eral load-lateral deformation of wall panel models having
wire mesh and height variations of 2000 mm, 1500 mm,
1000 mm and the same 1500 mm lengths. All wall panel
models with wire mesh performed better against later-
al loads than wall panel models of the same dimension
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without wire mesh. The wall panel models with wire mesh
with a thickness of 60 mm showed higher stiffness, yield
and ultimate load-carrying than other wall panel models
with thicknesses of 40 and 50 mm. This behavior is sim-
ilar to that of previous research results [29]. Wall panel
models with a height of 1000 mm achieved the highest
lateral loads results due to having greater stiffness than
other wall panels. The largest lateral deformations were
seen in the tallest wall panels, those of 2000 mm, due to
having more flexible behavior than the other panels.

35 q
— 30 ~
z
= 25 -
E 20 ——2000H 60T.W
® 15 - ———2000H 50T W
€
® 10 - ———2000H.40T.W
5 -
O T T T T T 1
0 5 10 15 20 25 30
Lateral deformation (mm)
Figure 8: Curves showing lateral load-lateral

deformation of wall panel models having 2000 mm
height with wire mesh

35 7

30 -
Z o5 -
= 20 4
S 45 —— 1500H 60T W
E 0 4 —— 1500H 50T W
L] r—
— 54 —— 1500H 40T W
U T T T T T 1
0 5 10 15 20 25 30

Lateral deformation (mm)

Figure 9: Curves showing lateral load-lateral
deformation of wall panel models having 1500 mm
height with wire mesh

35 7
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g 25
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A : ——1000H.40T.W
0 . . . . . .
0 5 10 15 20 25 30

Lateral deformation (mm)

Figure 10: Curves showing lateral load-lateral
deformation of wall panel models having1000 mm
height with wire mesh
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The wall panel models with double-square openings per-
formed the same as solid wall panel models, as seen
in Figures 11 and 12. The thickest wall panel models,
with or without wire mesh, carried higher lateral loads
than other wall panel models. The use of wire mesh in-
fluenced their stiffness, ensuring that all reinforced wall
panel models had less lateral deformation than the unre-
inforced panel models.

25 1

—1500H.60T.O
= 20 4
=, ——1500H.50T.O
= 15 -
@ 1500H.40T.O
— 10 A
W
& .
= 5 —_—
_ W
0 + T T T )
0 5 10 15 20

Lateral deformation (mm)

Figure 11: Curves showing lateral load-lateral
deformation of wall panel models with double-square
openings and having 1500 mm height and 1500 mm

length without wire mesh

25 1
< 20 -
b= -
- 15
% 10 - —— 1500H.60T.W.0
L ——1500H.50T.W.O
5 -
1500H.40T.W.O
O T T T T 1
0 5 10 15 20

Lateral deformation {mm)}

Figure 12: Curves showing lateral load-lateral
deformation of wall panel models with double-square
openings and having 1500 mm height and 1500 mm
length with wire mesh

Openings in wall panels will result in decreased resis-
tance performance against lateral loads [30]. Three sol-
id-wall and three wall panel models with double-square
openings without wire mesh were compared when
performing lateral load resistance, as shown in Figure
13. These six wall panel models were all 1500 mm in
height and 1500 mm in length. The two-wall panel mod-
el thicknesses without wire mesh were 40 mm, 50 mm,
and 60 mm. All wall panel models with double-square
openings achieved longer deformations with lower lat-
eral yield and ultimate loads due to having less stiffness
than the solid panel models. Similar behavior was found
in solid wall panel models and wall panel models with
three double-square openings with wire mesh, as seen
in Figure 14. The dimensions of all the wall panel models
were 1500 mm in height and 1500 mm in length. 1500
mm in height and 1500 mm in length. The thicknesses
of each two-wall panel model with wire mesh were: 40
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mm, 50 mm, and 60 mm. All wall panel models with dou-
ble-square openings had longer deformations and lower
lateral yield and ultimate loads due to having less stiff-
ness than the solid panel models. The deformations of
all solid wall panel models with double-square openings
and wire mesh were less than those without wire mesh
due to their higher stiffness. The rate of lateral loads
achieved by all of the wall panel models with wire mesh
was higher than those without wire mesh because of
their higher nominal moment.

15
——1500H.60T

— 1500H.50T
— 1500H 40T
——1500H.60T.0
—— 1500H.50T.0

0 1500H.40T.O

0 5 10 15 20 25 a0
Lateral deformation (mm)

N)

-
]

Lateral load (kl
T

Figure 13: Curves showing lateral load-lateral
deformation of wall panel models with solid and
double-square openings and having 1500 mm of height
and 1500 mm of length without wire mesh

35
30 1 —— 1500H.60T.W
g 25 - —— 1500H.50T.W
8 20+ ———1500H 40T W
B 197 ——1500H 60T W.O
5 10 - ——1500H 50T W.O
51 1500H.40T.W.O
0 ; : : : .

0 5 10 15 20 25 30
Lateral deformation (mm)

Figure 14: Curves showing lateral load-lateral
deformation of wall panel models with solid and
double-square openings having 1500 mm of height and
1500 mm of length with wire mesh

The loads and the deformations in yield and ultimate
conditions are shown in Tables 4 and 5. All wire mesh
wall panel models showed higher ultimate lateral loads
than wall panels without wire mesh of the same thick-
ness. The yield points were determined based on a code
[31], while the ultimate points were in the maximum load
and deformation conditions. The yield and ultimate later-
al loads and the yield and ultimate lateral deformations
increased as the thickness varied from 40 to 60 mm,
both on unreinforced and wire mesh-enforced wall panel
models. The openings reduced the stiffness of the wall
panel models, thus increasing the deformation.
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Table 4: Yield lateral loads and deformations

Yield Condition
Lateral Lateral
No. Wall Panel Load Deformation
Models
F, 0,
(kN) mm)
1 1000H.40T 4.40 0.409
2 1000H.50T 6.00 0.477
3 1000H.60T 7.20 0.493
4 1500H.40T 3.20 0.458
5 1500H.50T 4.20 0.480
6 1500H.60T 4.40 0.585
7 2000H.40T 2.00 0.577
8 2000H.50T 2.80 0.617
9 2000H.60T 3.20 0.742
10 1000H.40T.W 4.80 0.291
11 1000H.50T.W 6.20 0.323
12 1000H.60T.W 7.20 0.357
13 1500H.40T.W 3.20 0.343
14 1500H.50T.W 4.20 0.410
15 1500H.60T.W 5.00 0.472
16 2000H.40T.W 2.40 0.404
17 2000H.50T.W 3.00 0.447
18 2000H.60T.W 3.60 0.513
19 1500H.40T.O 2.40 0.309
20 1500H.50T.O 3.40 0.376
21 1500H.60T.O 4.00 0.496
22 1500H.40T.W.0 2.60 0.227
23 1500H.50T.W.O 3.40 0.262
24 1500H.60T.W.O 4.20 0.369

The thickness, height, and openings influenced the lat-
eral loads and deformations in yield and ultimate con-
ditions. The thicker wall panels had greater resistance
to deformation. The more ductile behavior of wall panel
models with wire mesh made it possible to achieve lon-
ger deformation. Tables 6 and 7 show the percentages
of load and deformation of each panel model compared
to the panel models that had 60 mm thicknesses; these
groups are divided according to height in yield and ulti-
mate conditions, respectively.
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Table 5: Ultimate lateral loads and deformations

Table 6: Percentages of yield load and deformation

Stiffness and Deformation Ductility

Tables 8 and 9 show the stiffness and deformation duc-
tility of each panel model, respectively. The yield and
ultimate stiffnesses were influenced by the thickness
and wire mesh reinforcement in the wall panel models.
The thicker wall panel models achieved higher levels of
stiffnesses. Stiffnesses were also higher in wall panel
models with wire mesh as opposed to panels without
wire mesh but with the same thicknesses. Lower ductility
values were also achieved by the panel models with wire
mesh. Table 8 also shows that the wall panel model with
a height of 1000 mm, length of 1500 mm, and thickness
of 60 mm with wire mesh (number 12) had the highest
stiffness, which means this model also perfomed the
best strength in resisting lateral loads. Based on all of the
solid wall panel models (Nos. 1-18), those with a height
of 2000 mm and a thickness of 60 mm (Table 9, number
9) without wire mesh had the highest deformation ductili-
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Yield Condition Yield Condition
Lateral Lateral Wall Panel Lateral Lateral
No. Wall Panel Load Deformation No. Models Load Deformation
Models
F, 5, (%) (%)
(kN) mm) 1 1000H.40T 61.11 82.98
1 1000H.40T 8.40 3.644 2 1000H.50T 83.33 96.75
2 1000H.50T 9.20 4.941 3 1000H.60T 100.00 100.00
3 1000H.60T 12.20 5.134 4 1500H.40T 72.73 78.29
4 1500H.40T 4.00 8.870 5 1500H.50T 95.45 81.97
5 1500H.50T 6.40 9.522 6 1500H.60T 100.00 100.00
6 1500H.60T 8.40 9.676 7 2000H.40T 62.50 77.78
7 2000H.40T 2.40 10.586 8 2000H.50T 87.50 83.08
8 2000H.50T 3.06 17.763 9 2000H.60T 100.00 100.00
9 2000H.60T 4.40 27.151 10 1000H.40T.W 66.67 81.46
10 1000H.40T.W 23.00 3.232 1" 1000H.50T.W 86.11 90.60
11 1000H.50T.W 27.40 3.288 12 1000H.60T.W 100.00 100.00
12 1000H.60T.W 32.00 3.611 13 1500H.40T.W 64.00 72.73
13 1500H.40T.W 17.40 5.365 14 1500H.50T.W 84.00 86.90
14 1500H.50T.W 22.20 6.218 15 1500H.60T.W 100.00 100.00
15 1500H.60T.W 26.00 6.591 16 2000H.40T.W 66.67 78.62
16 2000H.40T.W 15.40 8.587 17 2000H.50T.W 83.33 87.00
17 2000H.50T.W 18.40 9.285 18 2000H.60T.W 100.00 100.00
18 2000H.60T.W 20.80 9.704 19 1500H.40T.O 60.00 62.29
19 1500H.40T.O 4.00 15.170 20 1500H.50T.O 85.00 75.70
20 1500H.50T.O 5.20 16.938 21 1500H.60T.O 100.00 100.00
21 1500H.60T.O 7.25 17.804 22 1500H.40T.W.O 61.90 61.47
22 1500H.40T.W.O 14.45 6.534 23 1500H.50T.W.O 80.95 70.97
23 1500H.50T.W.0 18.80 7.413 24 1500H.60T.W.O 100.00 100.00
24 1500H.60T.W.O 21.35 7.787

ty; that of 36.59. Thus, it can be seen that the tallest and
thickest panels had the best ductility. This behavior was
also observed in previous research [32].

The inclusion of wire mesh significantly reduced defor-
mation ductility in the wall panel models (Nos. 10 to 18)
compared to models of the same dimension without wire
mesh [26]. However, models with openings showed the
opposite behavior (Nos. 19-24). The best ductility among
wall panels with openings was achieved by the thinnest
panel models without wire mesh (1500H.40T.O). This
also reveals that openings influence the behavior of wall
panel models under lateral loads when compared to sol-
id panel models without openings. Table 9 shows that in
all the solid models without wire mesh (numbers 1-9),
the tallest model, with height of 2000 mm, length of 1500
mm, and thickness of 60 mm (number 9), achieved the
best ductility due to having the largest ultimate deforma-
tion. In all solid models with wire mesh (numbers 10-18),
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Table 7: Percentages of ultimate load and deformation
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Table 8: Yield and ultimate stiffnesses

Yield Condition Lateral Lateral
No. Wall Panel Lateral Lateral No. Wall Panel Load Deformation
Models Load Deformation Models K, K,

(%) (%) (kN) mm)
1 1000H.40T 68.85 70.97 1 1000H.40T 10.75 2.31
2 1000H.50T 75.41 96.24 2 1000H.50T 12.57 1.86
3 1000H.60T 100.00 100.00 3 1000H.60T 14.59 2.38
4 1500H.40T 47.62 91.67 4 1500H.40T 6.99 0.45
5 1500H.50T 76.19 98.41 5 1500H.50T 8.76 0.67
6 1500H.60T 100.00 100.00 6 1500H.60T 7.52 0.87
7 2000H.40T 54.55 38.99 7 2000H.40T 3.47 0.23
8 2000H.50T 69.55 65.42 8 2000H.50T 4.54 0.17
9 2000H.60T 100.00 100.00 9 2000H.60T 4.31 0.16
10 1000H.40T.W 71.88 89.51 10 1000H.40T.W 16.51 712
11 1000H.50T.W 85.63 91.05 1" 1000H.50T.W 19.18 8.33
12 1000H.60T.W 100.00 100.00 12 1000H.60T.W 20.17 8.86
13 1500H.40T.W 66.92 81.40 13 1500H.40T.W 9.32 3.24
14 1500H.50T.W 85.38 94.35 14 1500H.50T.W 10.24 3.57
15 1500H.60T.W 100.00 100.00 15 1500H.60T.W 10.60 3.94
16 2000H.40T.W 74.04 88.49 16 2000H.40T.W 5.94 1.79
17 2000H.50T.W 88.46 95.68 17 2000H.50T.W 6.72 1.98
18 2000H.60T.W 100.00 100.00 18 2000H.60T.W 7.01 2.14
19 1500H.40T.O 55.17 85.21 19 1500H.40T.O 7.76 0.26
20 1500H.50T.O 71.72 95.14 20 1500H.50T.O 9.05 0.31
21 1500H.60T.O 100.00 100.00 21 1500H.60T.O 8.06 0.41
22 1500H.40T.W.O 67.68 83.91 22 1500H.40T.W.O 11.46 2.21
23 1500H.50T.W.O 88.06 95.19 23 1500H.50T.W.O 12.98 2.54
24 1500H.60T.W.O 100.00 100.00 24 1500H.60T.W.O 11.38 2.74

the model with a height of 2000 mm, length of 1500 mm,
and thickness of 40 mm (number 16) achieved the best
ductility. In all models with openings and without wire
mesh (numbers 19-21) and with wire mesh (numbers
22-24), the models with heights of 1500, lengths of 1500
mm, and thicknesses of 40 mm achieved the best ductil-
ity. These results show that thickness and reinforcement
with wire mesh influence ductility.

Deformation

The highest deformation ranges among all the solid wall
panel models are at the top, as depicted in red. The red
area depicts lightweight concrete and steel plate mate-
rials. Steel plates prevented wall panels from deforming
out of the plane [12]. Wall panel models without wire
mesh showed much greater deformations than wall pan-
el models with wire mesh. These greater deformations
were located around halfway the height of the panel on
the lefthand side. The distribution and magnitude focused
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deformations appeared on the lefthand sides of the wall
panels without wire mesh, which are represented in dark
blue (Figure 15). All panel models, with or without wire
mesh, showed that the taller wall panel models had a
greater number of maximum lateral deformations. This is
because the points observed were at the top of the wall
panel models. Models with the same dimensions showed
that wire mesh significantly reduced lateral deformation
due to having greater stiffness (Figure 16). Comparing
wall panel models of the same height and length showed
that the dimension of thickness resulted in fewer maxi-
mum deformations.
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Table 9: Stiffness ratio and ductility

Stiffness | 1y ity
No. | Wall Panel Models Ratio
K/K, =3/,
1 1000H.40T 0.21 8.90
2 1000H.50T 0.15 10.35
3 1000H.60T 0.16 10.41
4 1500H.40T 0.06 19.37
5 1500H.50T 0.08 19.86
6 1500H.60T 0.12 16.54
7 2000H.40T 0.07 18.34
8 2000H.50T 0.04 28.81
9 2000H.60T 0.04 36.59
10 1000H.40T.W 0.43 11.12
11 1000H.50T.W 0.43 10.17
12 1000H.60T.W 0.44 10.12
13 1500H.40T.W 0.35 15.63
14 1500H.50T.W 0.35 15.16
15 1500H.60T.W 0.37 13.97
16 2000H.40T.W 0.30 21.27
17 2000H.50T.W 0.30 20.78
18 2000H.60T.W 0.31 18.90
19 1500H.40T.O 0.03 49.06
20 1500H.50T.O 0.03 45.07
21 1500H.60T.O 0.05 35.87
22 | 1500H.40T.W.O 0.19 28.79
23 | 1500H.50T.W.O 0.20 28.29
24 | 1500H.60T.W.O 0.24 21.09

Wall panel models with openings and without wire mesh
had negative deformations halfway the height on the
lefthand side. This indicates bending in the tensile ar-
eas which changed the shape of the wall panel models.
The middle and righthand sides were more dominated
by positive deformations due to compressive conditions.
The wall panels reinforced with wire mesh showed an
evenly distributed spread of negative deformations in
the panels nearest the fixed supports. In contrast, pos-
itive deformations were dominant in the middle and up-
per parts of the panels (Figure 17). All of the wall panel
models without wire mesh achieved greater minimum
and maximum deformations due to having less stiffness.
The thinner panels had larger deformations around the
openings, while the thicker panels showed increased de-
formations. The minimum and maximum deformations of
the wall panels are shown in Table 10.

118

(a) 1000H.40T

(d) 1500H.40T

(b) 1000H.50T

(c) 1000H.60T

(e) 1500H.50T (f) 1500H.60T

o

L i » -
i

Do

(g) 2000H.40T (h) 2000H.50T

—

(i) 2000H.60T

11027 10.0191

-9, 6162 -4.707 5.11
e 470 2.65565 7.56468

iqiage .201441

39
—2.25257 12.4735

Figure 15: Maximum lateral deformations of solid wall
panel models without wire mesh with different spreading
of deformation
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Figure 16: Maximum lateral deformations of solid wall panels with wire mesh with different spreading of
deformation
ST oy
(a) 1500H.40T.0 (b) 1500H.50T.0 (c) 1500H.60T.O (d) 1500H.40T.W.O
s - S— -
S epmdaa e
=Talf]
(e) 1500H.50T.W.O (f) 1500H.60T.W.O

Figure 17: The lateral deformation of wall panels with wire mesh and with or without openings with different
spreading of deformation
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Wall panel models with openings and without wire mesh
had negative deformations halfway the height on the
lefthand side. This indicates bending in the tensile ar-
eas which changed the shape of the wall panel models.
The middle and righthand sides were more dominated
by positive deformations due to compressive conditions.
The wall panels reinforced with wire mesh showed an
evenly distributed spread of negative deformations in
the panels nearest the fixed supports. In contrast, pos-
itive deformations were dominant in the middle and up-
per parts of the panels (Figure 17). All of the wall panel
models without wire mesh achieved greater minimum
and maximum deformations due to having less stiffness.
The thinner panels had larger deformations around the
openings, while the thicker panels showed increased de-
formations. The minimum and maximum deformations of
the wall panels are shown in Table 10.

Table 10: Lateral deformation of wall panels

Minimum Maximum
Deformation | Deformation
No. | Wall Panel Models 5 5
(mm) (mm)
1 1000H.40T -4.191 4.984
2 1000H.50T -4.481 5.539
3 1000H.60T -3.394 5.434
4 1500H.40T -9.616 12.474
5 1500H.50T -9.481 13.169
6 1500H.60T -7.366 9.676
7 2000H.40T -10.596 17.942
8 2000H.50T -8.783 17.763
9 2000H.60T -13.347 27.151
10 1000H.40T.W -0.075 3.647
11 1000H.50T.W -0.179 3.872
12 1000H.60T.W -0.293 3.716
13 1500H.40T.W -0.253 5.480
14 1500H.50T.W -0.347 6.218
15 1500H.60T.W -0.486 6.804
16 2000H.40T.W -0.495 8.770
17 2000H.50T.W -0.532 9.458
18 2000H.60T.W -0.801 9.708
19 1500H.40T.O -8.197 15.170
20 1500H.50T.O -9.807 16.940
21 1500H.60T.O -10.197 17.800
22 1500H.40T.W.O -0.187 6.530
23 1500H.50T.W.O -0.310 7.420
24 1500H.60T.W.O -0.512 7.790
120

CONCLUSIONS

This study investigated the behavior of non-structural
lightweight concrete wall panel models made of EPS
foamed concrete and reinforced with wire mesh. A finite
element method-based program was used to obtain a
non-linear analysis of 24 wall panel models subjected to
lateral static loads. The results showed that the dimen-
sions, reinforcement, and openings influence how wall
panels behave in the scope of deformation, strength,
stiffness, and ductility. Optimum ultimate strength and
stiffness were achieved by a solid wall panel with wire
mesh, having a length of 1500 mm, a height of 1000
mm, and 60 mm thickness. Evidence for this is shown in
both Tables 5 and 8. The wall panel models with open-
ings, without wire mesh, and with a height, length, and
thickness of 1500 mm, 1500 mm, and 40 mm, respec-
tively, achieved the highest ductility. Evidence for this is
shown in Table 9. As this study was based on the finite
element method, further validation using experimental
work is still needed.
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