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Abstract: Awareness of sustainability in construction has led to the utilization of waste material
such as oil palm shell (OPS) in concrete production. The feasibility of OPS as alternative aggregates
in concrete has been widely studied at the material level. Meanwhile, nonlinear concrete material
properties are not taken into account in the conventional concrete wall design equations, resulting
in underestimation of lightweight concrete’s wall axial capacity. Against these sustainability and
technical contexts, this research investigated the buckling behavior of OPS-based lightweight self-
compacting concrete (LWSCC) wall. Failure mode, load-deflection responses, and ultimate strength
were assessed experimentally. Numerical models have been developed and validated against ex-
perimental results. Parametric studies were conducted to study the influence of parameters like
slenderness ratio, eccentricity, compressive strength, and elastic modulus. The results showed that
the axial strength of concrete wall was very much dependent on these parameters. A generalized
semi-empirical design equation, based on equivalent concrete stress block and modified by mathe-
matical regression, has been proposed. The ratio of average calculated results to test results of the
proposed equation, when compared to ACI 318, AS 3600, and Eurocode 2 equations, are respectively
improved from 0.36, 0.31, and 0.42 to 0.97. This research demonstrates that OPS-based LWSCC
concrete can be used for structural axial components and that the equation developed can serve a
good guideline for its design, which could encourage automation and promote sustainability in the
construction industry.

Keywords: oil palm shell; compressive strength; concrete wall; elastic modulus; eccentricity;
slenderness ratio

1. Introduction
1.1. Sustainable Aspect of Agricultural Waste

Concrete is undoubtedly one of most consumed construction materials worldwide.
Since aggregates constitutes about 65% to 80% of total concrete volume [1], this heavy
consumption has led to gradual exhaustion of conventional resources for aggregate produc-
tion. This has created the need for more sustainable and economical alternative aggregate
materials. Reusing of recycled aggregate or waste material can be regarded as a promising
approach [2]. However, due to further processing of recycled aggregate [3] and durability-
related issue [4,5], the use of recycled aggregate is not favourable. Alternatively, normal-
weight aggregates (NWA) in concrete production can be replaced with other materials,
such as lightweight aggregates (LWA), which are either natural or generated by-products
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from industrial or agricultural processing. LWA can generally be categorized as natural
form or artificial type, with artificial type being the most commonly used as an alternative
aggregate in concrete by researchers [3,6,7]. The use of waste materials as LWA can mini-
mize the depletion of natural resources while promoting the proper management of solid
waste [8]. Oil palm shell, an agricultural waste generated from the oil palm industry, is
abundantly available in countries such as Malaysia, Indonesia, Thailand, and Nigeria [9].
Oil palm mills generate massive amount of OPS, with over 4 million tonnes being produced
annually [6,10,11]. The waste management issues are becoming more challenging as the
generation of oil palm solid wastes increases. As such, there is a great urgency to carry out
more research into utilizing OPS in order to reduce environmental impacts associated with
agricultural waste treatment and disposal [12–14].

The application of lightweight aggregate concrete (LWAC) as a building material in
industrial construction has been extensively promoted since the 1960s due to its lightweight
characteristics [15]. An innovative construction material, especially when incorporated
with environmentally friendly constituents, lightweight self-compacting concrete (LWSCC)
has emerged as a superior construction material since 1992 [3], with its advantageous
properties, including self-compacting ability, lower density, improved thermal conductivity,
and comparable compressive strength to normal concrete. Most important of all, it is a
more sustainable material, particularly if designed with OPS aggregates. Furthermore,
LWSCC is more favorable in large complex structural applications, particularly in tall
buildings or long-span structures.

1.2. Research on OPS Concrete

Research [13,16–18] has shown that OPS has an enormous potential to be an al-
ternative LWA in concrete production due to its low density and reasonable compres-
sive strength. Generally, the compressive strength of OPS concrete ranges from 20 to
35 MPa [9,13,19–21]. Compressive strength of more than 50 MPa has been reported by
several researchers [17,18,22,23]. In terms of splitting tensile strength of OPS concrete, some
research [18,24,25] has revealed that the value of splitting tensile strength possessed by
OPS concrete is approximately 6–10% of its compressive strength. As for water absorption,
Teo, Mannan, Kurian and Ganapathy [16] observed that the water absorption of OPS-based
concrete is 11.23% for air-dry curing and 10.64% for full-water-submerged curing. Accord-
ing to Shafigh, Jumaat and Mahmud [17], the water absorption of OPS concrete ranges
between 3 and 6%, which, being less than 10%, means that it may be considered good
concrete. Despite significant research on the compressive strength of OPS-based concrete
at the material level, there is limited research on the use of OPS-based concrete as a vertical
structural component, such as a column and wall, where buckling can be the main concern
for slender components. There is insufficient knowledge on the buckling behaviour of
OPS-based concrete to be used as a load-bearing component for practicing engineers, and
therefore it is crucial to investigate the buckling behaviour of OPS-based concrete.

1.3. Concrete Wall Subjected to Axial Loading

A concrete wall panel can be designed as a load-bearing wall if it only resists vertical
loading without being subjected to bending. The concrete wall panel under axial loading in
an idealized condition generally behaves as a one-way wall with hinged condition at both
the top and bottom and with free vertical edges [26]. A uniaxial curvature in the direction
of loading can develop. Since the thickness of concrete wall panel is smaller than the other
dimensions [27], a slenderness effect is introduced. Slenderness ratio is defined as the ratio
of height to thickness of the wall. The behaviour of wall panels under axial loading can
vary substantially from short and wide to deep and narrow slender members [28]. Similar
to the column, the failure mode of the wall panel under axial loading is highly dependent
on the slenderness ratio [29,30], where a small slenderness ratio can cause crushing failure,
while a high slenderness ratio leads to buckling failure. The ultimate load-bearing capacity
of the wall panel is greatly affected by the slenderness ratio.
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1.4. Design Guide and Research of Concrete Wall

At present, standards such as the American Concrete Institute (ACI 318) standard [31],
the Australian Standard (AS 3600) [32], and Eurocode 2 [33] provide simplified equations
for determining the load-bearing capacity of the concrete wall panel. According to several
researchers, the design equation provided by the ACI standard is conservative [34–37]. Due
to its over-simplicity, this equation is not able to account for the material and geometric
nonlinearity in the buckling failure of a slender concrete wall panel [34,38]. In the ACI
equation, it is assumed that the load is applied within t/6 of the concrete cross-section,
whilst the eccentricity component is not considered. The equation is the product of f′c, cross-
sectional area, and slenderness ratio parameter. The ACI standard specified a modification
factor to consider the effect of lightweight-aggregates-based concrete. However, this factor
has not been included in the existing wall design equation. As for AS 3600 and Eurocode 2,
the eccentricity parameter is considered. However, the effects of material nonlinearity,
including nonlinear increment of compressive strength and elastic modulus, which are
responsible for buckling, are not taken into consideration. In order to predict the strength
of slender lightweight wall more accurately, all the aforementioned parameters must be
considered. The alternative column design approach in ACI 318 and AS 3600 can be used
to determine the axial strength of wall by treating one-way wall as column. The effective
rigidity approach was adopted in ACI 318, and rigidity of the section under balanced
failure was used in AS3600. Oberlender [39] mentioned that the column approach can
yield better prediction compared to a simplified design equation. However, more recent
research [37] showed that the column design approach is less accurate for slender wall. This
is because the standards ignored the effect of load eccentricity in determining the effective
rigidity for buckling load. Similarly, the effect of material nonlinearity is not considered.

Research on the buckling behaviour and design equation of concrete load-bearing
wall has been conducted over the past 60 years. In earlier years, Seddon [40] studied the
behaviour of normal concrete wall under concentric and eccentric loadings in one-way
action with a slenderness ratio varied from 18 to 54. The author noticed that concrete wall
panel failed by crushing for slenderness ratios of less than 20, while buckling failure was
noticed for slenderness ratios of more than 20. However, the author noticed that there
was no significant strength reduction due to buckling instead of crushing. Oberlender [39]
conducted a comprehensive study on 54 normal concrete wall panels with slenderness
ratios varying from 8 to 28 and aspect ratios from 1 to 3.5. Similarly, the authors noticed
a crushing failure for wall panels with slenderness ratios of less than 20, while buckling
failure was observed for a slenderness ratio of 28. For slenderness ratios of 20 and 24,
combinations of crushing and slight buckling were observed. A similar observation was
noted by subsequent researchers [28,41,42]. Saheb and Desayi [28] modified the design
equation of ACI 318 by incorporating the aspect ratio component. Meanwhile, Fragomeni
and Mendis [35] performed a series of studies on normal and high-strength concrete wall
panels with slenderness ratios varying from 12 to 25. The authors concluded, by comparing
normal-strength and high-strength wall panels of the same dimensions, that high-strength
concrete wall panel exhibited more brittle failure under one-way action. The authors also
claimed that the ultimate strength of reinforced concrete wall panel under axial loading
is governed by the nonlinear concrete compressive strength. The authors modified the
design equation of AS 3600 by including high-strength concrete parameters. The findings
of Fragomeni and Mendis [35] were further confirmed by Doh and Fragomeni [43] with
wall slenderness ratios varying from 25 to 40. Doh and Fragomeni [43] further modified
the design equation [35] by modifying the compressive strength component with an order
of 0.7 to account for the nonlinear strength effect.

For more recent research, Ganesan, Indira and Prasad [30] investigated the behavior of
steel-fiber-reinforced self-compacting concrete (SFRSCC) and steel-fiber-reinforced concrete
(SFRC) wall panels in one-way action with slenderness ratios of 12 to 30. The authors
concluded that the inclusion of steel fibers were able to improve the cracking behavior and
ductility of concrete wall. The effects of slenderness ratio and aspect ratio were similar
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to the normal type of concrete wall. Meanwhile, Ganesan, Indira and Santhakumar [36]
conducted a series of tests on reinforced normal concrete and geopolymer concrete wall
panels. The authors noticed that for the same wall geometry, geopolymer concrete wall
panel exhibited more softening behavior when compared to normal concrete wall panel.
Normal concrete wall panel displayed steeper slope in load versus lateral deflection when
compared to the geopolymer concrete wall panel. The authors explained that the content of
finer particles in the matrix of geopolymer concrete resulted in more ductile behavior. Both
studies [30,36] modified the factor and slenderness ratio component of the ACI 318 equation
to account for the effects of different types of concrete including steel-fiber-reinforced self-
compacting concrete (SFRSCC), steel-fiber-reinforced concrete (SFRC), and geopolymer
concrete, respectively. On the other hand, Huang, Hamed, Chang and Foster [37] performed
a series of experimental and numerical studies on the load-bearing capacity of high-
strength concrete wall panels. The authors concluded that the column design approach
and simplified wall design equations in design standards could not accurately estimate the
axial capacity of slender wall. This is mainly because the effects of geometrical and material
nonlinearity are not considered in either the column design approach or the simplified
design standard equation. It is obvious that researchers have concentrated on modifying
the factors to account for the geometric effects, which are slenderness ratio and aspect ratio.
However, it is obvious that these simplified equations have not taken into consideration
all of the material nonlinearity effects, such as compressive strength and elastic modulus
of concrete.

1.5. Research Significance

Generally, the use of lightweight aggregates in concrete will significantly reduce its
elastic modulus. Several researchers [44–46] have shown that for a given compressive
strength, lightweight concrete exhibits more ductile stress-strain behavior under com-
pression loading compared to normal-weight concrete. By using concrete with a lower
elastic modulus value as material in slender wall, lightweight concrete wall tends to
have a lower ultimate axial capacity. According to the Euler buckling theorem [47,48],
the buckling load is a function of the elastic modulus. However, all the current equa-
tions [28,30–33,39,41–43,49–51] are expressed as a function of concrete compressive strength
and wall cross-sectional area only. Without considering the elastic modulus parameter, this
can lead to unsafe prediction of the ultimate axial capacity of the lightweight concrete wall
under eccentric loading. Thus, it is necessary to propose a new design equation that can
enhance the confidence of utilizing agricultural-waste-incorporated lightweight concrete
as structural wall for practical engineers to promote sustainability.

1.6. Objective

Based on the extensive literature review undertaken, research tends to focus on normal
and high-strength concrete wall panels rather than those cast from lightweight concrete.
More comprehensive research in lightweight concrete wall is important in order to gain
an insight into the subject. Thus, the aim of this research is to investigate the buckling
behavior of OPS-based LWSCC wall subjected to axial loading. An experimental study was
carried out on axially loaded slender, lightweight, self-compacting concrete wall panels
with different configurations to investigate the structural behavior and performance. FEA
models were constructed using ABAQUS 6.14 and validated against both experimental
results and published data. Using the validated models, parametric studies were then
carried out on the effects of eccentricity, slenderness ratio, compressive strength, and elastic
modulus of lightweight concrete wall. Finally, a semi-empirical design equation for slender
wall for evaluating the axial load-bearing capacity of concrete wall panel was proposed
and further validated against published data.
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2. Experimental Program
2.1. Materials

Grade 45 Ordinary Portland Cement (OPC) and Class F low-calcium fly ash, which
conform to ASTM: C150/C150M-12 [52] and ASTM C618 [53], respectively, were used as
binder. The chemical properties are shown in Table 1. Oil palm shell (OPS), as shown in
Figure 1, supplied by an oil palm processing mill in Miri, Sarawak, Malaysia, was used
as coarse aggregates in the mix design. The specific gravity and water absorption of the
river sand and OPS aggregate used are summarized in Table 2. The particle size of the
aggregates is shown in Figure 2. A lightweight self-compacting concrete (LWSCC) obtained
from particle-packing method was used for casting test specimens. The mix design and
same materials source from previous research [54] were used, and they are summarized
in Table 3. Concrete cylinders with a diameter of 100 mm and a height of 200 mm were
cast and cured along with wall specimens. Six test cylinders each were prepared for both
compressive and splitting tensile tests, and in every batch, uniaxial compression tests [55]
were carried out to determine the compressive strength and corresponding stress-strain
behavior. Splitting tensile tests [56] were performed to determine the splitting tensile
strength of the concrete. Compressive and splitting tensile strengths are presented in
Table 4.

Table 1. Chemical properties of cement and fly ash [54].

Chemicals Cement (%) Fly Ash (%)

Silicon dioxide (SiO2) 20.0 57.8
Aluminium oxide (Al2O3) 5.2 20.0

Ferric oxide (Fe2O3) 3.3 11.7
Calcium oxide (CaO) 63.2 3.28

Magnesium oxide (MgO) 0.8 1.95
Sulfur trioxide (SiO3) 2.4 0.08

K2O - 3.88
TiO2 - 2.02
Na2O - 0.30

Loss on ignition 2.5 0.32
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Table 2. Physical properties of aggregates [54].

Physical Property River Sand OPS

Specific gravity 2.64 1.19
Water absorption (24 h) (%) 1.1 18.11

Aggregate impact value (AIV)
(%) - 4.2
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Table 3. Concrete mix design [54].

Cement
(kg/m3)

Fly Ash
(kg/m3)

Water
(kg/m3)

Sand
(kg/m3)

OPS
Aggregate

(kg/m3)
SP (kg/m3)

312 208 161.2 715 455 8.6

Table 4. Specimen dimensions and strengths.

Specimen Height L (mm) Width W (mm) Thickness t
(mm)

Average
Compressive

Strength (MPa)

Average
Splitting Tensile
Strength (MPa)

Nominal Density
(kg/m3)

T25-AR1.8SR17 a 425 235 25

16.4 1.5 1829T25-AR1.8SR23 a 565 315 25
T25-AR3.1SR23 a 565 185 25
T25-AR5.3SR23 a 565 105 25
T60-AR5.3SR23 b 1400 260 60 13.7 1.1 1823

Note: a T25 series specimens were from 1st batch of concrete. b T60 series specimens were from 2nd batch of concrete.

2.2. Wall Specimens

For wall panel with a thickness of 60 mm, slender wall panels were designed with
slenderness ratio of 23 and aspect ratio of 5.3. In the case of wall specimens with a thickness
of 25 mm, the slenderness ratio ranged from 17 to 23, and the aspect ratio ranged from 1.7 to
5.3. According to ACI and AS, a minimum reinforcement ratio of 0.0015 must be provided
to prevent cracking of concrete due to thermal stress. Reinforcement ratios of 0.0058 and
0.003 were provided for the vertical and horizontal direction, respectively. For the wall
specimen of 60 mm thickness, grade 300 steel mesh with a diameter of 5 mm and a spacing
of 200 mm was used. Two layers of steel mesh were used with concrete cover of 15 mm
and 30 mm c/c spacing between two meshes. A single layer of steel reinforcement was
used for the 25 mm thickness series. The 25 mm thickness wall specimens were reinforced
by steel bar with diameter ranging from 3 to 4 mm. The reinforcement ratios of 0.0058 and
0.003 were provided for the vertical and horizontal direction, respectively, in order to fulfil
the minimum reinforcement requirement specified in ACI and AS3600. Three specimens
were prepared and tested for each configuration. Typical dimensions of the specimens are
illustrated in Figure 3. The dimensions and concrete strengths of hardened wall specimens
were presented in Table 4. As for the specimen naming scheme, the abbreviations ‘T’, “A”,
and “SR” indicate thickness, aspect ratio, and slenderness ratio of specimen, respectively.
During the first seven days after casting, a wet cotton cloth was put on the surface of the
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specimen and covered with plastic. Water was continually applied to preserve the moisture
of the cloth. After removal of the formwork, all the specimens were fully wrapped in
plastic and moisturized until the day of testing.
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2.3. Experimental Setup and Instrumentation

All wall panels were tested with pinned connection at both the top- and bottom-end
supports. Lotus Hydraulic Jack was used to transfer uniform load through a spreader
beam as a concentric load for T60 series specimen. Gotech universal testing machine was
used for T25 series. For loading procedure, the wall specimens were pre-loaded to 1 kN
to check and confirm that all the instruments were in working condition and to eliminate
the gaps. The load was then increased gradually until the specimen failed. Linear Variable
Displacement Transducers (LVDT) were mounted at a quarter height, mid height, and
third-quarter height of the wall to measure the horizontal displacement for wall specimen
with 60 mm thickness. For wall specimens with 25 mm thickness, LVDT was only mounted
at mid height due to limited space. TML Data Logger TPS 530 was used to record the
loading and displacement data. The support condition detail is shown in Figure 4. The
behavior of the specimens was observed and recorded throughout the tests.
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3. Finite Element Model
3.1. Material Model of Concrete

A constitutive model based on a combination of damage mechanics and plasticity, Con-
crete Damaged Plasticity (CDP), is used to model the concrete material of wall under axial
loading. The elastic modulus of concrete is defined in accordance with the recommendation
provided in AS 3600, and given as Equations (1) and (2). The compressive stress-strain
model of Yang, et al. [57] is represented by a parabola with peak stress at its vertex. The
peak strain which corresponds to the peak stress is given by Equation (3). The strain that
correlates with 50% of the peak stress in the descending branch is given by Equation (4).
The stress-strain relationship of concrete is represented by Equation (5). This model is
pertinent to concrete with compressive strength ranging from 10 to 180 MPa and density
from 1200 to 4500 kg/m3. The β1 parameters of ascending and descending branches are
determined from Equations (6) and (7), respectively. The comparison of stress-strain curves
determined from the experimental test and the empirical model is shown in Figure 5a. The
curve computed from the empirical model is close to the experimental. This confirmed
that the empirical model is able to capture the actual stress-strain behavior of OPS based
lightweight self-compacting concrete. Thus, this empirical stress-strain model was used
for the parametric study of wall with varying compressive strength and elastic modulus.
For the compressive stress strain input in CDP, the total strains of the raw stress-strain
curve are converted into inelastic strain [58] by using Equation (9), and these are shown
in Figure 5a. In addition, the compression damage parameters [58] are determined by
using Equation (10). Five parameters comprising dilation angle, eccentricity, σb0/σc0 ratio,
Kc, and viscosity are required to be inputted in the CDP model. The parameters used are
summarized in Table 5.

Ec = ρ1.5
(

0.043
√

f ′c
)

for f ′c ≤ 40 MPa (1)

Ec = ρ1.5
(

0.024
√

f ′c + 0.12
)

for f ′c > 40 MPa (2)
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where Ec is the elastic modulus of concrete; ρ is the concrete density; and f ′c is the cylinder
compressive strength.

ε0 = 0.0016e240 f ′c
Ec (3)

ε0.5 = 0.0035e
1.2{( 10

f ′c
)( wc

2300 )}
1.75

(4)

fc =

 (β1 + 1)
(

εc
ε0

)
(

εc
ε0

)β1+1
+ β1

 f ′c (5)

β1 = 0.2e0.73ξ f or εc ≤ ε0 (6)

β1 = 0.41e0.77ξ f or εc > ε0 (7)

ξ =

(
f ′c
10

)0.67(2300
wc

)1.17
(8)

where ε0 is the concrete strain corresponding to ultimate compressive stress; ε0.5 is the
strain that correlates with the 50% of peak stress in the descending branch; fc is the
compressive stress at some point in the stress strain curve; wc is the weight of LWSCC; β1
is the parameter for the ascending and descending branch of the stress strain curve; εc is
the concrete strain; and ξ is the constant parameter.

εi = εc.t −
σc

Ec
(9)

dc = 1− σc

σmax
(10)

where εi is the inelastic tensile strain; εc.t is the total compressive strain; σc is the corre-
sponding compressive stress; dc is the compressive damage parameter; and σmax is the
ultimate compressive stress.
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In ABAQUS, the uniaxial tension properties of concrete are required in the CDP model.
In order to obtain the uniaxial tensile strength of lightweight concrete, the splitting tensile
strength is determined through laboratory test. It was then converted into uniaxial tensile
strength by using Equation (11) from the guidelines of AS 3600. The tension stiffening
model of Wahalathantri, et al. [59] has been chosen in this research. This model was
originally proposed by Hillerborg, et al. [60] and modified by Nayal and Rasheed [61] to
avoid discontinuity in global response. The model of Nayal and Rasheed [61] comprises
of two regions, which are primary and secondary cracking stages. The model was then
modified by Wahalathantri, Thambiratnam, Chan and Fawzia [59] to avoid runtime errors
in ABAQUS. The critical tensile strain is calculated from uniaxial tensile strength using
Equation (12), and the resulting stress-strain curve is shown in Figure 5b. For CDP tensile
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stress-strain input, the total strains of the raw stress-strain curve are converted to inelastic
strain using Equation (13). In addition, the compression damage parameters are determined
by using Equation (14).

σct = 0.9 fct.sp (11)

εt.cr =
σct

Ec
(12)

εck
t = εt.cr −

σt

Ec
(13)

dt = 1− σt

σt.max
(14)

where σct is the uniaxial tensile stress; fct.sp is the experimental splitting tensile stress; εt.cr

is the critical tensile strain; εck
t is the inelastic tensile train; σt is the corresponding tensile

stress; dt is the tensile damage parameter; and σt.max is the ultimate tensile stress.

Table 5. Input parameters for CDP.

Parameters Values

Elastic modulus (MPa) 12,047
Poisson ratio 0.2

Density (kg/m3) 1800
Dilation angle 31◦

Eccentricity 0.1
Initial biaxial/uniaxial ratio, σc0/σb0 1.16

Kc 0.667
Viscosity 0.001

3.2. Material Model of Steel

A bilinear stress-strain relation was adopted for steel reinforcement. The engineer-
ing stresses determined in the laboratory test are converted into true stresses by using
Equation (15). True strains are determined from engineering strain by using Equation (16).
The inputs are summarized in Table 6.

σtrue = σ
(
1 + εeng

)
(15)

ε
pl
plastic = ln

(
1 + εeng

)
− σ

Es
(16)

where σtrue is the true stress; εeng is the engineering strain; Es is the elastic modulus of steel;

and ε
pl
plastic is the plastic strain.

Table 6. Material properties of steel.

Fsy (MPa) Fsu (MPa) v

299 374 0.3

3.3. Model Description

The quasi-static analysis of implicit solver in ABAQUS/Standard was chosen for mod-
elling. A three dimensional 8-node brick element with reduced integration, C3D8R, was
used to model concrete, while steel reinforcement was modelled with three-dimensional
two-node straight truss element, T3D2. The interaction between concrete and reinforcing
steel bars was modelled using the “Embedded Region” constraint in ABAQUS. This is
a common method for defining the interaction of reinforcing steel in concrete [62]. Both
ends of the concrete wall were modelled as pinned end conditions to simulate the ac-
tual support conditions of the laboratory test. All the boundary conditions and applied
loads were specified at the respective reference points. Reference points (RP) were created
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at both ends. The loading was applied in the form of imposed displacement by using
smooth step amplitude function at the reference point. Suitable mesh size was determined
through a mesh convergence study to provide a good balance between accuracy and
computational efficiency.

3.4. Summary

The overview of experimental and FEA modelling methods is provided in Figure 6
for clarity.
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Figure 6. Overview of research methodology.

4. Results and Discussion
4.1. Experimental Results and Analysis

Experimental outcomes, including failure mode, failure load, and load-deflection, are
discussed and used to evaluate the axial behavior of lightweight concrete wall panels.

4.1.1. Failure Mode

The failure characteristics of T60 series wall specimen is shown in Figure 7a. A large
horizontal crack was noticed on both sides of the wall panel near the center. T60-AR5.3SR23
specimen failed predominantly by buckling in a single curvature shape with maximum
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deflection at the center. The slenderness ratio of the specimen was 23 and was considered to
be slender wall since it bended at mid height. This is in good agreement with the findings
of Fragomeni and Mendis [35], in which concrete walls with a slenderness ratio equal to or
greater than 20 could commonly fail by buckling with horizontal cracks at mid height.
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The failure modes of T25 series specimens are shown in Figure 7b. Specimen T25-
AR1.8SR17, T25-AR1.8SR23, T25-AR3.1SR23, and T25-AR5.3SR23 failed by buckling at
mid height. The slenderness ratios of these specimens ranged from 17 to 23. Similarly,
horizontal crack near the wall center as well as some cracks near the support ends were
also observed for these specimens. These specimens failed predominately by buckling,
since an obvious curvature shape with significant cracking at mid height were observed
when they failed. This study shows good agreement with the findings of Oberlender [39]
and Saheb and Desayi [28] that the concrete wall with high slenderness ratio failed by
buckling at mid height.

4.1.2. Load Deflection

The axial load versus lateral deflection gives the structural deformation response of
concrete wall under loading. Figure 8a shows the load versus lateral deflection profile
of wall at top-quarter, mid, and bottom-quarter height, respectively, for specimen T60-
AR5.3SR23, while Figure 8b,c illustrate the load versus lateral deflection curve at mid
height for T25 series specimens. These curves show that the concrete wall specimens
exhibit ductile behavior with continuous increasing of lateral deflection with increasing
load. The curves show linear behavior in the initial loading region, which is followed
by nonlinear curve up to the ultimate failure load. The curves show that only slight
deflection is produced with increasing load in the linear region, and the linearity is about
45–55% of ultimate failure load. In the nonlinear region, the lateral deflection increases
rapidly as the load is increased. As shown in Figure 8a, specimen T60-AR5.3SR23 has a
maximum deflection of 7 mm at mid height and roughly 5 mm at both quarter heights.
The deflection profile of specimens show fairly uniform curvature along the height with
maximum deflection at mid height. In short, the curves show that OPS-based LWSCC wall
exhibits fairly ductile load-deflection behavior.
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4.1.3. Deflection Corresponding to Ultimate Failure Load

The maximum deflections corresponding to ultimate failure load are tabulated in
Table 7. The deflections are expressed as a deflection ratio for comparison. The table
shows that specimens T60-AR5.3SR23 and T25-AR5.3SR23 have similar deflection ratios
due to similar geometry ratios. On the other hand, when the slenderness ratio increases
from 17 to 23, the deflection ratio increases from 0.0045 to 0.0053 for T25-AR1.8SR17 and
T25-AR1.8SR23, respectively. This is due to the increased flexibility provided by a longer
effective length as a result of a higher slenderness ratio. When the aspect ratio of the
specimen increases from 1.8 to 3.1 and 5.3, the deflection ratio shows a decreasing trend
from 0.0053 to 0.0051 and 0.0044, respectively. This is due to the fact that as the aspect ratio
decreases, the cross-sectional area of the concrete wall decreases, lowering the maximum
ultimate failure load. Generally, the lateral deflections of OPS-based concrete wall are
relatively small and fall within the limits of conventional design provisions.

Table 7. Maximum deflections.

Specimens Maximum
Deflection, ∆ (mm)

Specimen Height,
H (mm)

Deflection Ratio,
∆/H

T25-AR1.8SR17 1.93 425 0.0045
T25-AR1.8SR23 2.97 565 0.0053
T25-AR3.1SR23 2.89 565 0.0051
T25-AR5.3SR23 2.46 565 0.0044
T60-AR5.3SR23 6.4 1400 0.0046

4.1.4. Ultimate Failure Load

Average failure load and corresponding standard deviation of the test specimens are
summarized in Table 8. The failure loads have been expressed as axial strength ratios. This
allows for a discernible comparison of ultimate axial capacity of concrete wall specimens
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with different cross-sectional areas. The average axial strength ratios of test specimens are
in the range of 0.64 to 0.83. Significant reduction is noticed when slenderness ratio increases
from 17 (T25-AR1.8SR17) to 23 (T25-AR1.8SR23), with the axial strength ratio decreased
from 0.78 to 0.64. This finding showed that geometrical nonlinearity (i.e., slenderness
ratio) has great influence on the load-carrying capacity of concrete wall [37]. Failure of
slender wall is dominated by buckling mode in which the lateral deflection increases due
to vertical loading, thus inducing secondary eccentricity that causes the wall to fail before
material failure. Experimental failure loads are then compared to the results determined
from ACI 318, AS 3600, and Eurocode 2. It is noticed that the design equations of the
standards have safely and conservatively predicted the failure load of lightweight concrete
wall. To be specific, the Pcal/Pexp ratio of the ACI equation varies from 0.38 to 0.58. The
underestimation of the ACI equation is mainly due to the assumption made by the ACI
equation that loading is applied within the eccentricity of t/6. The experiments in this
research were carried out with concentric loading. Therefore, the underestimation made by
the ACI equation proves that it is not suitable to determine the ultimate load of concrete
wall with other eccentricities. As for the AS 3600 design equation, the Pcal/Pexp ratio
varies from 0.46 to 0.61. The ultimate strength of concrete wall loaded at different values
of eccentricity can be determined by the AS 3600 equation. However, this equation still
underestimates the ultimate strength of lightweight wall without reduction factor, as shown
in this research. The comparisons of experimental and calculated results have highlighted
that the AS 3600 equation has the limitation in which the equation is conservative, and
no parameter is allowed for lightweight concrete wall. Among the design equations
from the three standards, Eurocode 2 gives load estimation with the best accuracy. The
Pcal /Pexp ratio varies from 0.91 to 0.66. However, the Eurocode 2 equation becomes
less accurate when the slenderness ratio is increased. Nevertheless, this design equation
takes into consideration parameters similar to AS 3600 but appears to show better results
accuracy when compared to AS 3600. Unfortunately, similar to the other three standards,
Eurocode 2 does not have a parameter to consider the effect of the material property of
lightweight concrete.

Table 8. Experimental results.

Specimens
Average

Failure Load
Pexp (kN)

Standard
Deviation of
Test Results

Average Axial
Strength Ratio

Pexp/f’cAg

ACI
Pcal (kN)

AS
Pcal (kN)

Eurocode 2
Pcal (kN)

T25-AR1.8SR17 78 2.25 0.78 40.83 44.6 63.51
T25-AR1.8SR23 85.59 1.8 0.64 39.81 46.42 66.33
T25-AR3.1SR23 51.2 1.31 0.65 23.43 27.31 39.01
T25-AR5.3SR23 27.32 0.6 0.68 10.46 12.52 18.06
T60-AR5.3SR23 155.06 2.25 0.71 60.03 71.07 101.97

Generally, the lightweight concrete wall has a lower axial strength ratio due to its
lower elastic modulus, which is required for resisting bending moment arising from
eccentricity and slenderness effect. However, the design equations provided by various
design standards are still conservative in determining its ultimate capacity. None of the
design equations provide a factor to allow for lightweight concrete material property. This
has demonstrated that the design equations from the standards need to be improved if
they are to more accurately predict the axial strength of concrete wall, regardless of it being
manufactured from lightweight or normal-weight concrete.

4.2. Effect of Specimen Size

With respect to walls of similar geometry ratio, both the larger wall (T60-AR5.3SR23)
and smaller wall (T25-AR5.3SR23) have shown similar failure modes and cracking patterns.
As illustrated in Figure 7a,b, both walls failed by buckling in a single curvature with a
horizontal crack developed near mid height. Similar stress distribution has been manifested
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in both cases. For the ease of comparison between specimens with different scale, the failure
loads are converted into axial strength ratio. As shown in Table 8, the axial strength ratio
of T25-AR5.3SR23 is 0.68, while T60-AR5.3SR23 is 0.71. Both specimens have the same
slenderness and aspect ratio but different values of thickness. Comparison of specimens
with similar geometry ratios shows that specimen T25-AR5.3SR23 and T60-AR5.3SR23 have
close axial strength ratios, with differences of 4%. It can be established that concrete walls
with a similar geometry ratio possess similar axial strength ratio even if their dimensions
are different. Thus, the specimen size effect is negligible.

4.3. FEA Model Validation

In order to validate the constructed model, a comparison is made between the FEA
and test results of this study and the published literature [28,43]. The comparison is made
in terms of failure characteristics including failure mode, load versus deflection behavior,
and ultimate axial load capacity. Figure 7 shows the comparison of experimental and FEA
failure modes for concrete wall specimens. In ABAQUS, the maximum principle plastic
strain can be used to show the concrete crack pattern. The FEA model has predicted these
specimens to fail in buckling failure mode. As shown in Figure 7, it is noted that plastic
strains are concentrated at the mid height of these specimens. Specifically, a horizontal crack
develops at the mid height of the wall panel. These specimens show uniaxial curvature
deformation with maximum deflection at mid height. The cracking pattern and failure
mode of lightweight concrete wall have been well predicted by the CDP model in ABAQUS.

The comparison between experimental and FEA load versus deflection curves are
shown in Figure 8. It can be observed that the results of the FEA with respect to the ultimate
axial capacity and deflections are in good agreement with the experimental results. In
general, the FE model has shown a slightly stiffer response at the nonlinear region. This is
mainly because idealistic concrete material characteristics are assumed in the modelling
process. The comparison demonstrates that the CDP model in ABAQUS gives a good
prediction of the nonlinear load-deflection behavior of lightweight concrete wall, as the
modelling results are well correlated with experimental values.

Table 9 summarizes the comparisons between FEA results and experimental results
for all lightweight wall panels in terms of ultimate axial capacity. FEA and experimental
results are expressed as PFEA/Pexp ratio for the purpose of comparison. The comparison
indicates that the PFEA/Pexp ratios ranged from 1.03 to 1.05 for the experimental results
of this study. The PFEA/Pexp ratios of the benchmarked model [28,43] ranged from 0.9 to
1.12. Overall, PFEA/Pexp ratio has mean value of 1.04 and standard deviation of 0.06. The
comparison of results shows that the predicted ultimate axial capacity of FEA model is
satisfactory, albeit with a slight overestimation. The slight discrepancies of FEA results are
mainly due to the idealistic nature of the FEA model, including materials and boundary
conditions [63]. The CDP model gives a more accurate prediction of the ultimate axial
capacity of lightweight concrete wall compared to the results calculated using design
equations of various design standards.

From the comparison between the FEA results and those obtained experimentally
with regard to failure mode, load versus deflection behavior, and ultimate axial capacity,
it is demonstrated that the CDP model in ABAQUS can accurately predict the structural
behavior of axially loaded wall. This also clearly demonstrates the reliability of ABAQUS
as a powerful tool for the analysis of concrete wall under axial loading.
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Table 9. Comparison of failure loads.

Study Specimen Pexp (kN) PFEA (kN) PFEA/Pexp Ratio

Present Study

T25-AR1.8SR17 78 82.31 1.06
T25-AR1.8SR23 85.59 88.53 1.03
T25-AR3.1SR23 51.2 53.55 1.05
T25-AR5.3SR23 27.32 28.55 1.05
T60-AR5.3SR23 155.06 159.68 1.03

Saheb and Desayi [28]

WSR1 214.18 192.4 0.90
WSR2 254.1 246.87 0.97
WSR3 298.92 319.1 1.07
WSR4 373.65 409.67 1.10

WSTV4 704.14 787.66 1.12
WSTV7 463.28 430.94 0.93
WSTH6 348.74 362.97 1.04

Doh and Fragomeni
[43]

OWNS3 426.7 462.25 1.08
OWNS4 441.5 443.63 1.00
OWHS2 482.7 504 1.04
OWHS3 441.5 462.45 1.05
OWHS4 455.8 495.71 1.09

Mean 1.04
Standard Deviation 0.06

5. FEA Parametric Study
5.1. Effect of Slenderness Ratio

Slenderness ratio is a significant parameter that affects the axial strength ratio of
concrete wall. Figure 9 shows the curves of axial strength ratio versus slenderness ratio
with different values of eccentricity. In the study, the slenderness ratio is varied from 23 to
50. The slenderness ratio parameter is studied with four different eccentricities (t/600, t/20,
t/12, t/6). It is noted that the shape of the curve is sensitive to the change in eccentricity. At
the eccentricity of t/600, the decrease in axial strength ratio with an increase in slenderness
ratio gives a downward concave curvature shape. When the eccentricity is increased to
t/12, the shape of the curve becomes flat and shows a slightly upward concave shape.
The concave shape of the curve is more noticeable when the eccentricity is increased to
t/6. Initial eccentricity is important in determining the profile of axial strength versus
slenderness ratio.
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It is important to note that the axial strength of the concrete wall decreases nonlinearly
with increase of slenderness ratio due to geometrical nonlinearity. At eccentricity of t/600,
the axial strength ratio of wall decreases from 0.904 to 0.406 when the slenderness ratio is
increased from 23 to 50. Approximately 55% reduction in strength is observed. Likewise,
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when eccentricity is increased to t/12 and t/6, the axial strength ratio decreases from 0.614
to 0.213 and from 0.419 to 0.149, respectively, when the slenderness ratio is increased from
23 to 50. At the eccentricities of t/12 and t/6, a reduction of about 65% in strength is
observed when the slenderness ratio is increased. It is crucial to note that concrete wall
with slenderness ratio greater than 30, and even up to 50, is still able to sustain load. This
has further highlighted the limitation of design equations in the standard in which negative
strength values result for the slenderness ratios higher than 30. This study also confirms
previous findings of Doh and Fragomeni [43].

The concrete wall with a higher slenderness ratio has a longer effective length. It has a
higher tendency to buckle, and therefore its lateral deflection increases significantly when
loaded. The significant increase in lateral deflection results in an increase in secondary
moment, and hence reduces the axial strength ratio. The axial strength ratio decreases
nonlinearly with an increase in the slenderness ratio.

5.2. Effect of Eccentricity

Eccentricity exists when the applied load is offset from the centroid of wall, creating
bending stress along with axial stress. The eccentricity effect is investigated at values
of t/600 to t/20, t/12, and t/6. Figure 9 shows the change in axial strength ratio with
slenderness ratio at different eccentricities. As discussed previously, the shape of the axial-
strength-to-slenderness ratio curve changes from a downward concave shape to an upward
concave shape when the eccentricity is increased. At low eccentricity of t/600, the reduction
of axial strength ratio with slenderness ratio is more significant when compared to a higher
eccentricity. The slenderness ratios of 30 to 40 show the most remarkable decrease in
strength. Strength reduction tapers off in the range from 40 to 50. When the eccentricity
is increased to t/20 and subsequently t/12, a smooth reduction of the axial strength ratio
with no sharp drop is observed. Similarly, the strength reduction is also observed to taper
off in the slenderness ratio range from 40 to 50. At eccentricity of t/6, it is noted that the
reduction of axial strength ratio with increase of slenderness ratio is less severe. This can be
explained that at higher eccentricity, the primary moment due to eccentricity is relatively
large when compared to the secondary moment. At a lower slenderness ratio of 23, the
axial strength ratio decreases from 0.904 to 0.694, 0.614, and 0.419 when the eccentricity
is increased from t/600 to t/20, t/12, and t/6 respectively. At a high slenderness ratio of
50, when eccentricity is increased from t/600 to t/20, t/12, and t/6, the axial strength ratio
decreases from 0.406 to 0.243, 0.213, and 0.149, respectively. The change of axial strength
ratio versus slenderness ratio envelope with eccentricity shows a similar trend to that of
reinforced concrete column [64]. For concrete wall with one side edge restrained [65], the
envelope of axial strength ratio versus slenderness ratio also changes from a downward
concave shape to an upward concave shape when the eccentricity is increased.

5.3. Effect of Compressive Strength

Figure 10 shows a comparison of the ultimate axial capacity of concrete wall when the
compressive strength is varied from 13.7 to 80 MPa. It is noted that the increase in axial
strength ratio is not directly proportional to the increase in concrete compressive strength.
For instance, when the slenderness ratio is fixed at 22.6 and at eccentricity of t/20, the
ultimate capacity increases by 1.62, 2.32, 2.9, and 3.32 times when the compressive strength
is increased from 13.7 MPa to 25, 40, and 80 MPa, respectively. It is noted that the axial
strength ratio decreases with an increase in concrete compressive strength. Typically, at a
slenderness ratio of 30 and an eccentricity of t/6, the axial strength ratio decreases by 23%,
37%, 50%, and 57%, respectively, when the concrete strength is increased from 13.7 MPa to
25, 40, and 80 MPa. The influences of concrete strength on the axial strength of concrete
wall at the eccentricities of t/20, t/12, and t/6 are further illustrated in Figure 10a–c,
respectively. These figures show that the envelope decreases as the concrete compressive
strength increases. This is in good agreement with Doh and Fragomeni [43] that the
ultimate capacity increases nonlinearly with the increase of the compressive strength of
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concrete. This is mainly due to the nonlinearity arising from aggregate interlocking at the
crack, tensile cracking, and compression crushing of material [66]. Eventually, the ultimate
axial strength ratio of the concrete wall decreases with the increase in compressive strength,
and its value is also affected by the slenderness ratio and eccentricity value. Current design
equations from the standards do not consider the effect of a nonlinear relationship of axial
capacity and compressive strength. Linear extrapolation for high-strength concrete can
lead to unsafe design.
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5.4. Effect of Elastic Modulus

The elastic modulus of concrete is varied in order to study its effect on the axial capacity
of concrete wall. The elastic modulus is determined from the density of concrete by using
Equation (1). The range of concrete density for this study is from 1600 to 2400 kg/m3, and
the FEA results are illustrated in Figure 11. The range of density studied has been chosen
with consideration of the common density of OPS-based lightweight concrete [10] and
encompasses lightweight, semi-lightweight, as well as normal-weight concrete. Decrease
in elastic modulus with a constant low eccentricity and a low slenderness ratio results
in a decrease in both ultimate axial capacity and axial strength ratio. It is noted that the
Pfea/P2400 ratio decreases as the concrete elastic modulus decreases. At eccentricity of t/20
and slenderness ratio 23, by decreasing the elastic modulus from 18,713 to 10186 MPa, the
axial strength decreases by 7%. The effect of elastic modulus reduction on axial capacity is
more pronounced with increase of slenderness ratio. At eccentricity of t/20 and slenderness
ratio of 50, the decrease in elastic modulus has resulted in 39% strength reduction. For
higher values of eccentricity and a constant slenderness ratio, the axial capacity of the wall
also decreases with a decrease in elastic modulus. For example, at a slenderness ratio of 23,
when elastic modulus decreases from 18,713 to 10,186 MPa, the axial capacity decreases by
7%, 8%, and 13% for eccentricities of t/20, t/12, and t/6, respectively.
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The plots of axial strength ratio versus slenderness ratio with varying elastic modulus
at eccentricities of t/20, t/12, and t/6 are illustrated in Figure 11a–c, respectively. It is
observed that the curves of axial strength ratio versus slenderness ratio shift downwards
when the elastic modulus of concrete decreases at a given compressive strength. As
described previously, lightweight concrete exhibits more ductile stress-strain behavior
under compression when compared to normal-weight concrete at a given compressive
strength [44,45]. This is due to the reduced elastic modulus resulting from the use of
lightweight aggregates in concrete. The ultimate load capacity of the concrete wall under
axial loading depends not only on the axial stiffness of the wall but also on the flexural
stiffness of the wall section. The flexural stiffness of the concrete wall is used to resist
the moment induced by both eccentric loading and the second-order effect resulting from
lateral deflection. The reduced elastic modulus of lightweight concrete results in reduced
flexural stiffness, which is required for resisting the bending moment produced by the
effects of eccentricity and slenderness, and hence reduced axial capacity [64]. However, all
the current simplified design equations from design standards and published literature
do not consider the effect of elastic modulus. The effect of elastic modulus must be
considered in the design equation in order to safely predict the axial capacity of lightweight
concrete wall.

6. Proposed Design Equation

Based on experimental tests and numerical simulations, it is noted with better insight
that the axial capacity of concrete wall is affected by not only its geometry nonlinearity but
also its material properties. As mentioned previously, there are limitations in the current
design equations from the standards. Current design equations from AS 3600 and Eurocode
2 consider only the effect of slenderness ratio and eccentricity. The design equation of ACI
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318 considers only the slenderness ratio. In any case, the equations are only applicable for
slenderness ratios of up to 30. In addition, these equations are not suitable for designing
lightweight concrete walls. The results obtained from the FEA parametric studies have
shown that the axial strength ratio decreases as the elastic modulus of concrete decreases
due to the use of lightweight aggregate. Furthermore, the axial strength of concrete wall
increases nonlinearly with the increase of compressive strength. Notably, the existing
design equations do not take into account the effects of both the compressive strength and
the elastic modulus. As such, the design equations need to be enhanced to determine the
axial capacity of the concrete wall with better accuracy. In this section, a new semi-empirical
equation is proposed to take into consideration the material compressive strength and
elastic modulus.

The proposed design equation is derived from equivalent rectangular concrete stress
block and the regression analysis. The following are the assumptions made in the derivation
of the equation:

1. The wall must contain minimum reinforcement in both vertical and horizontal direc-
tions as specified by the AS3600 standard;

2. The loads are within the stress block of the section;
3. The wall behaves as one-way wall under axial loading.

Figure 12 shows the stress block of the concrete wall cross-section. From the equivalent
rectangular stress block, the compression force can be determined as Equation (17).

Pus = α2γf′cAg (17)

where
α2 = 0.85− 0.0015f′c, α2 ≥ 0.67

γ= 0.97− 0.0025f′c, γ ≥ 0.67

f′c = Compressive strength of concrete

Ag = Cross sec tional area of wall
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Eccentricity and slenderness ratio parameters are introduced in Equation (17) us-
ing regression analyses of the FEA results. Details of regression analyses are shown in
Figure 13a,c for the eccentricity ratio at t/20, t/12, and t/6, respectively. Similar approaches
to Saheb and Desayi [28] and Ganesan, Indira and Santhakumar [36] are used in the deriva-
tion of the equation. Notwithstanding, instead of using quadratic regression for the effect
of slenderness ratio, the exponential function has shown a better fitting and is therefore
adopted in this equation derivation. The regression equations in Figure 13a,c show the
same argument value in exponential function with different constant values. Therefore,
another regression analysis is performed to introduce the constant value for different
eccentricities, as shown in Figure 13d. Equation (17) then becomes Equation (18).

Pus1 = α2γf′cAg exp(−0.038λ)eL (18)
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where
exp(−0.038λ)eL ≤ 1 (19)

Buildings 2021, 11, x FOR PEER REVIEW 23 of 29 

 

where λ = Slenderness ratio  e  = Eccentricity parameter  e  = Eccentricity ratio of applied load to total wall thickness  

Equation (18) is rearranged with f’c expressed in terms of other variables, and this 
effective f’c value is then plotted against the actual f’c, as illustrated in Figure 13e. From 
the regression analysis, the compressive strength of concrete is represented by a power 
function of the f′  variable raised to a fixed power of 0.68. This is to account for the non-
linear increase in axial capacity as concrete strength increases. Equation (18) is subse-
quently transformed into Equation (21). P = 2.24α γf′ . A exp(−0.038λ)e  (21) 

Another factor, the E variable, has been introduced to account for the effect of dif-
ferent values of concrete elastic modulus on its axial capacity. In order to introduce the 
factor for elastic modulus, the Pua/Pus2 values derived from the FEA results and Equation 
(21) are plotted against E, as shown in Figure 13f. The E variable is also represented by a 
power function raised to a fixed power of 0.48. This factor is calibrated from the results of 
the FE model by using regression analysis. The final design equation is depicted as Equa-
tion (22). P = 2.73α γf′ . A exp(−0.038λ)e E .  (22) 

The elastic modulus parameter, E can be determined from Equation (23). E = EE  (23) 

where E = Elastic modulus parameter  E  = Elastic modulus of concrete  E  = Reference elastic modulus of concrete when ρ = 2400 kg/m3  

From Equation (22), the axial strength of concrete wall varies with eccentricity (e ) 
and slenderness ratio (λ). The nonlinear increase in axial strength with the compressive 
strength (f′ . ) is reflected in the equation. In addition, the axial strength reduction due to 
the use of lightweight aggregate is allowed for by means of the elastic modulus parameter 
(E). 

  

Buildings 2021, 11, x FOR PEER REVIEW 24 of 29 

 

(a) (b) 

  
(c) (d) 

 
(e) (f) 

Figure 13. Regression analysis for (a) λ at e = t/20, (b) λ at e = t/12, (c) λ at e = t/6, (d) parameter e, (e) f’c, (f) parameter E. 

Equation Validation 
In order to verify the validity of the proposed equation, comparisons are made be-

tween the calculated results from the proposed equation and the experimental results. 
Table 10 shows the calculated results of the proposed and existing equations. The geomet-
ric and material properties from the published literature used for benchmarking are pro-
vided in Table A1. Using the proposed equation, the Pcal /Pexp ratio of this study ranged 
from 0.88 to 1, while the Pcal /Pexp ratio from the published literature ranged from 0.8 to 
1.14. The calculated results from the proposed equation are slightly conservative in pre-
dicting the axial strength of the lightweight concrete wall with all Pcal /Pexp ratios of less 
than 1. As shown in Table 10, none of the existing equations provide a good axial strength 
prediction for lightweight concrete wall. The proposed design equation gives better pre-
diction of the axial capacity of lightweight concrete wall compared to the existing equa-
tions. It can be seen that the proposed equation gives an improved estimation of the axial 
strength of normal-weight concrete wall compared with the existing equations. For high-
strength concrete wall, the axial strength prediction using Equation (22) shows slight over-
estimation for specimens OWHS3 and OWHS4 [43], with Pcal /Pexp ratios of 1.14 and 1.11, 
respectively. The compressive strengths of these specimens are 63 and 75.9 MPa, respec-
tively, while the slenderness ratios are 35 and 40, respectively. As for the high-strength 
concrete walls of Fragomeni and Mendis [35], the calculated results from Equation (22) 
are slightly conservative with Pcal /Pexp ratios of 0.92, 0.96, and 0.89 for specimens 2b, 5b, 
and 6b, respectively. The compressive strengths of these specimens are 65.4, 59.7, and 67.4 
MPa, respectively, whereas the slenderness ratios are 15, 20, and 25, respectively. These 
comparisons manifest that the proposed equation can give a good prediction of the ulti-

Figure 13. Regression analysis for (a) λ at e = t/20, (b) λ at e = t/12, (c) λ at e = t/6, (d) parameter e, (e) f′c, (f) parameter E.

The eccentricity parameter is determined from

eL = 7.77er + 2.51 (20)

where
λ = Slenderness ratio

eL = Eccentricity parameter

er = Eccentricity ratio of applied load to total wall thickness

Equation (18) is rearranged with f′c expressed in terms of other variables, and this
effective f′c value is then plotted against the actual f′c, as illustrated in Figure 13e. From the
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regression analysis, the compressive strength of concrete is represented by a power function
of the f′c variable raised to a fixed power of 0.68. This is to account for the nonlinear increase
in axial capacity as concrete strength increases. Equation (18) is subsequently transformed
into Equation (21).

Pus2 = 2.24α2γf′0.68
c Ag exp(−0.038λ)eL (21)

Another factor, the E variable, has been introduced to account for the effect of different
values of concrete elastic modulus on its axial capacity. In order to introduce the factor for
elastic modulus, the Pua/Pus2 values derived from the FEA results and Equation (21) are
plotted against E, as shown in Figure 13f. The E variable is also represented by a power
function raised to a fixed power of 0.48. This factor is calibrated from the results of the FE
model by using regression analysis. The final design equation is depicted as Equation (22).

Pu = 2.73α2γf′0.68
c Ag exp(−0.038λ)eLE0.48 (22)

The elastic modulus parameter, E can be determined from Equation (23).

E =
Ec

E2400
(23)

where
E = Elastic modulus parameter

Ec = Elastic modulus of concrete

E2400 = Reference elastic modulus of concrete when ρ = 2400 kg/m3

From Equation (22), the axial strength of concrete wall varies with eccentricity (eL) and
slenderness ratio (λ). The nonlinear increase in axial strength with the compressive strength
(f′0.68

c ) is reflected in the equation. In addition, the axial strength reduction due to the use
of lightweight aggregate is allowed for by means of the elastic modulus parameter (E).

Equation Validation

In order to verify the validity of the proposed equation, comparisons are made between
the calculated results from the proposed equation and the experimental results. Table 10
shows the calculated results of the proposed and existing equations. The geometric and
material properties from the published literature used for benchmarking are provided
in Table A1. Using the proposed equation, the Pcal /Pexp ratio of this study ranged
from 0.88 to 1, while the Pcal /Pexp ratio from the published literature ranged from 0.8
to 1.14. The calculated results from the proposed equation are slightly conservative in
predicting the axial strength of the lightweight concrete wall with all Pcal /Pexp ratios of
less than 1. As shown in Table 10, none of the existing equations provide a good axial
strength prediction for lightweight concrete wall. The proposed design equation gives
better prediction of the axial capacity of lightweight concrete wall compared to the existing
equations. It can be seen that the proposed equation gives an improved estimation of
the axial strength of normal-weight concrete wall compared with the existing equations.
For highstrength concrete wall, the axial strength prediction using Equation (22) shows
slight overestimation for specimens OWHS3 and OWHS4 [43], with Pcal /Pexp ratios of
1.14 and 1.11, respectively. The compressive strengths of these specimens are 63 and
75.9 MPa, respectively, while the slenderness ratios are 35 and 40, respectively. As for
the high-strength concrete walls of Fragomeni and Mendis [35], the calculated results
from Equation (22) are slightly conservative with Pcal/Pexp ratios of 0.92, 0.96, and 0.89
for specimens 2b, 5b, and 6b, respectively. The compressive strengths of these specimens
are 65.4, 59.7, and 67.4 MPa, respectively, whereas the slenderness ratios are 15, 20, and
25, respectively. These comparisons manifest that the proposed equation can give a good
prediction of the ultimate capacity of the normal-weight high-strength slender wall. The
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comparisons demonstrate that the predicted results obtained have shown a good agreement
with both the present and published experimental results.

Table 10. Comparison between experimental and calculated results.

Specimen
ACI AS EC 2 Equation (22)

Pcal/Pexp Pcal/Pexp Pcal/Pexp Pcal/Pexp

Present study

T25-AR1.8SR17 0.52 0.56 0.80 0.88
T25-AR1.8SR23 0.46 0.54 0.77 1.00
T25-AR3.1SR23 0.45 0.53 0.75 0.97
T25-AR5.3SR23 0.38 0.46 0.66 0.94
T60-AR5.3SR23 0.39 0.46 0.66 0.97

Saheb and Desayi [28]

WAR1 0.78 0.68 0.75 1.06
WAR2 0.80 0.70 0.77 1.08
WAR3 0.85 0.74 0.81 1.14
WSR1 0.62 0.54 0.64 0.88
WSR2 0.65 0.56 0.62 0.88
WSR3 0.66 0.57 0.52 0.89

WSTV2 0.80 0.70 0.76 1.03
WSTV3 0.73 0.64 0.70 0.94
WSTH2 0.78 0.67 0.74 1.01

Fragomeni and Mendis [35]

2a 0.92 0.79 0.67 0.87
2b 1.25 1.07 0.91 0.92
5a 0.76 0.64 0.42 1.02
5b 0.95 0.80 0.52 0.96
6b 1.30 1.13 1.13 0.89

Doh and Fragomeni [43]
OWNS3 N.A. N.A. N.A. 1.10
OWNS4 N.A. N.A. N.A. 0.99
OWHS3 N.A. N.A. N.A. 1.14
OWHS4 N.A. N.A. N.A. 1.11

Ganesan, Indira and Santhakumar [36]
OPCAR1 0.81 0.70 0.70 0.81
GPCSR1 0.78 0.68 0.75 0.80
GPCAR1 0.86 0.74 0.75 0.87

Mean 0.36 0.31 0.34 0.97
Standard Deviation 1.05 0.97 0.96 0.10

The comparisons have manifested that the proposed equation yield a more accurate
prediction of the axial strength of concrete wall. Hence, it can be regarded as an improved
equation for the design of axially loaded concrete wall.

7. Conclusions

Though the compression behavior of OPS-aggregate-based concrete has been widely
studied at the material level, there is limited research on its buckling behavior under axial
loading as a structural component. This research studied the buckling behavior of LWSCC
wall incorporated with OPS. With the investigation through experiment and numerical
studies, the following conclusions can be drawn:

1. It is found that the axial load-deflection behavior of OPS-based LWSCC wall shows
linear responses in the initial loading region, which are followed by nonlinear re-
sponse up to ultimate failure load. The ultimate axial strength of lightweight wall
decreases with an increase in the slenderness ratio.

2. From the comparisons, it can be seen that the existing design equations from the
standards provide conservative estimation with Pcal /Pexp ratios ranging from 0.36 to
0.91 and are not suitable for use in lightweight concrete wall. None of them takes into
consideration the material properties of lightweight concrete.

3. From the results of parametric study on the effects of slenderness ratio, it has been
demonstrated that concrete wall is still capable of sustaining loading with a slender-
ness ratio more than 30, and the axial strength ratio decreases nonlinearly with the
increase of slenderness ratio.

4. Parametric study shows that the ultimate axial capacity increases nonlinearly with the
increase of the compressive strength of concrete. Typically, the axial strength ratio can
be decreased nonlinearly by 57% when compressive strength increases from 13.7 MPa
to 80 MPa at constant eccentricity of t/6.

5. From parametric study, the analysis has identified the elastic modulus as one of the
key parameters determining the ultimate axial strength of concrete wall. Decrease in
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elastic modulus of concrete results in a reduced ultimate axial capacity of the wall
and vice versa. Elastic modulus of concrete is the key parameter affecting the ultimate
axial strength of lightweight concrete wall.

6. A design equation based on the equivalent rectangular stress block concept and incor-
porated with statistical factors has been proposed, which takes into account the effects
of the elastic modulus, slenderness ratio, eccentricity, and nonlinear compressive
strength of concrete. The equation has been benchmarked against published data
and found to be effective and versatile. With the consideration of concrete elastic
modulus and relevant parameters, the proposed design equation is thought to be a
more reliable and effective design aid for industrial application. The proposed design
equation can be the basis for further development of the equation, taking into account
more parameters such as wall openings and side restraints (two-way wall).

7. Hence, considering its lightweight characteristics and self-compacting property, OPS-
based LWSCC can be introduced as a sustainable solution for the construction in-
dustry to promote not only automation but also environmental conservation. The
proposed design equation can serve as a practical design tool to provide insight into
the strength of lightweight concrete wall used as an axial component for a sustainable
building structure.
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Appendix A Specimen Details

The geometric and material properties from the published literature used for bench-
marking are summarized in Table A1.
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Table A1. Details of published test results.

References Specimen H × L × t (mm) f′c (MPa) Steel Ratio fsy (MPa) Failure Load
(kN)

Saheb and Desayi [28]

WAR1 600 × 900 × 50 17.864 0.00173 297 484.27
WAR2 600 × 600 × 50 17.86 0.00 297 315.8
WAR3 600 × 400 × 50 17.86 0.00 297 198.29
WSR1 450 × 300 × 50 17.34 0.00 297 214.18
WSR2 600 × 400 × 50 17.34 0.00 297 254.1
WSR3 900 × 600 × 50 17.34 0.00 297 298.92

WSTV2 600 × 900 × 50 20.14 0.00 286 535.07
WSTV3 600 × 900 × 50 20.14 0.01 581 583.52
WSTH2 600 × 900 × 50 19.6 0.00173 297 538.01

Fragomeni and Mendis [35]

2a 1000 × 300 × 50 42.4 0.0025 450 231.8
2b 1000 × 300 × 50 65.4 0.0025 450 263.5
5a 1000 × 500 × 40 35.7 0.0025 450 201.2
5b 1000 × 500 × 40 59.7 0.0025 450 269.2
6b 600 × 200 × 40 67.4 0.0031 450 178

Doh and Fragomeni [43]
OWNS3 1400 × 1400 × 40 52 0.0031 610 426.7
OWNS4 1600 × 1600 × 40 51 0.0031 610 441.5
OWHS3 1400 × 1400 × 40 63 0.0031 610 441.5
OWHS4 1600 × 1600 × 40 75.9 0.0031 610 455.8

Ganesan, Indira and Santhakumar [36]
OPCAR1 600 × 320 × 40 33.832 0.0088 415 230.53
GPCSR1 480 × 320 × 40 33.072 0.0088 415 256.18
GPCAR1 600 × 320 × 40 33.072 0.0088 415 211.89
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