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Various lightweight panels such as autoclaved aerated concrete (AAC) panels have been widely used in the
prefabricated construction. With the growing demand for eco-friendly building materials, geopolymer as
cementitious material has been extensively studied. A novel ambient-cured lightweight geopolymer composite
(LGC) with expanded polystyrene (EPS) was recently developed by the authors and demonstrated sound static
and dynamic mechanical properties. In this study, a new lightweight reinforced panel made of LGC is proposed
for prefabricated structures. Five full-scale panels, including one AAC panel and four LGC panels with different
configurations, were prepared and tested under four-point bending to investigate the effects of panel thickness
and reinforcement configuration on the structural performance. The test results showed that the LGC panels
demonstrated better structural performance, with the characteristic ultimate bending capacity 57%-110% higher
than that of the corresponding AAC panel. An analytical study was also conducted, and empirical formulae were

proposed to predict the ultimate bending capacity of LGC panels.

1. Introduction

With the increase in the demand for new construction, the produc-
tion of concrete increases vastly around the world. The construction
industry accounts for about 36% of global energy consumption and is
responsible for a great amount of greenhouse gas emissions [1,2]. Or-
dinary Portland cement (OPC) has been used as the main binder material
of conventional concrete and its demand continues to increase at a rate
of 9% per year [3]. During OPC production, a massive amount of carbon
dioxide (COy) is released by calcining non-renewable natural resources,
e.g., limestone and gypsum. The amount of CO5 generated in the OPC
manufacturing process accounts for 5-7% of the total emission, which
contributes significantly to global warming. [4]. There is a growing
demand to find an environmentally friendly alternative to OPC. More-
over, to mitigate the adverse environmental and social effects of tradi-
tional construction, the prefabricated construction technology has been
increasingly adopted around the world as a sustainable construction
method due to its many advantages, such as reduced energy consump-
tion, improved building quality, lower overall construction costs and
less construction time [5,6]. The prefabricated construction as one of the
advanced construction methods can combine with new green con-
struction materials and less energy-intensive technologies to further
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reduce greenhouse gas emissions for environmental protection. There is
a growing demand for using new lightweight sustainable materials with
high strength and other features, e.g., thermal insulation, sound ab-
sorption and fire resistance, etc. in prefabrication constructions [7].
The lightweight panels, e.g., reinforced autoclaved aerated concrete
(AAC) panels, have been used in domestic and industrial construction
[8]. Most previous studies focused on the flexural behaviour of AAC
panels with the thickness of 100-300 mm [9-13]. Very limited studies
investigated the flexural behaviour of 50 mm-thick AAC panel, although
it can be used in panel systems including external walls, partition walls
and flooring as per AS 5146 [49], as shown in Fig. 1. Jennings, Owen
[14] and Wilson, Jennings [15] studied the performance of 50 mm-thick
AAC panels as the floor or cladding panel subjected to transverse gravity
loading and uniformly distributed load, respectively. However, AAC is
manufactured by using OPC, which could lead to a huge disturbance to
natural sources as well as release a massive amount of CO, during its
calcination [16]. High embodied energy and cost are associated with
manufacturing AAC products as it requires high curing temperature,
pressure and long curing time [17]. The shortcomings of AAC pre-
fabricated elements were reported, i.e., the high porosity of AAC matrix
(i.e., 65-90%), low strength and high water-absorption properties of
AAC panel might lead to cracks and breakages as reported in [18].
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Therefore, alternative sustainable building materials with sound me-
chanical properties are highly sought to reduce CO2 emissions and en-
ergy consumption.

In the last two decades, geopolymer as an eco-friendly cementitious
material has been extensively studied. With the use of industrial by-
products or wastes, such as fly ash and blast furnace slag, geopolymer
can reduce greenhouse gas emissions by up to 80% [21]. It is worth
mentioning that industrial by-products can result in environmental is-
sues, which has been exacerbated due to global urbanization and
industrialization [22]. The use of by-products as raw materials of geo-
polymer in the construction industry can lessen the pressure on the
surrounding environment. Therefore, geopolymer as substitute mate-
rials for OPC provides a cost-effective and sustainable solution for both
construction and waste management sectors. In recent years, ambient-
cured geopolymer was synthesized and intensively investigated
[23-26]. As compared to AAC, the ambient-cured geopolymer consumes
less energy for fabricating and curing with better durability performance
[16,27]. Meanwhile, expanded polystyrene (EPS) is a non-
biodegradable and non-photolysis material, which is commonly uti-
lized in packaging, industrial and construction applications [28]. EPS
can remain in the soil for hundreds of years and cause severe ecological
impact and environmental problems. The over-exploitation of natural
resources involved in construction material can be diminished by using
EPS as a lightweight aggregate substitute [29]. Therefore, the use of
industrial by-products and waste such as fly ash, slag, and EPS as raw
materials in lightweight geopolymer composites (LGC) offers a more
cost-effective and eco-friendly option compared to AAC, which uses
cement and lime as raw materials. Although the economic impact of
using LGC in construction is not evaluated as it is beyond the scope of
this study, direct and indirect economic benefits, as well as the positive
environmental impact are expected through recycling industry and
living wastes as construction materials.

LGC with EPS have been produced for non-structural or structural
purposes due to their sound properties such as reasonable strength, su-
perior thermal insulation and sound acoustic insulation [27,30-33]. For
example, Kakali, Kioupis [30] reported that the thermal conductivity of
LGC with the density of 1050 kg/m> was 0.16 W/m K, which was similar
to that of AAC with the density of 600-700 kg/m? (i.e., 0.15-0.18 W/m
K) as reported in [34]. Furthermore, EPS concrete was effective in
improving the energy absorption capacity [35]. When EPS was sub-
jected to dynamic loading, the entrapped air within the EPS cells was
compressed, and viscous force was generated, which could enhance the
strain rate sensitivity of LGC with EPS due to the increased viscous forces
with the rising loading rate [36,37]. Most of the previous studies
investigated EPS concrete as a fill material in sandwich panels [38-41].
It was reported that EPS concrete-based sandwich panels can be used as
wall panels. The mechanical performance of sandwich panels is greatly
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(b)

Fig. 1. 50 mm-thick reinforced AAC panel: (a) flooring panel [19] and (b) cladding panel [20].

affected by the material of the face sheet and the bonding. Currently,
there are very limited studies on the structural behaviour of reinforced
EPS concrete panels. Nguyen, Han [42] studied the flexural behaviour of
100 mm-thick lightweight reinforced EPS concrete panels. As reported,
the reinforced lightweight panel can be used as structural component in
engineering applications. In the previous studies, the authors developed
a new ambient-cured LGC with 30% EPS in volume percentages and
demonstrated its sound static and dynamic properties [37,43]. The
structural performance of lightweight panels made of LGC is worth
investigating for engineering applications.

This study developed lightweight panels by using LGC with EPS as an
eco-friendly material for sustainable prefabricated building, and their
structural performance was investigated and compared with OPC-based
AAC panels. The mechanical properties of AAC and LGC were compared
first. The structural performance of full-scale AAC and LGC panels with
different configurations was experimentally investigated and the Digital
Image Correlation (DIC) method was used to monitor the displacement
and strain distribution during the tests. The failure modes and the load-
carrying capacity of LGC panels were discussed. The empirical formulae
for predicting the flexural behaviour of the LGC panel were also pro-
posed, and its prediction was compared with the experimental results.

2. Experimental program
2.1. Design of reinforced panels

A total of five lightweight reinforced panels including one AAC panel
(namely AAC_T50L) and four LGC panels (namely LGC_T50L_1,
LGC_T50L_2, LGC_T50S and LGC_T37L) were prepared to investigate the
flexural behavior under four-point bending tests. Fig. 2 shows the
dimension and configuration of the panels. The full-scale panel
AAC_T50L had the dimension of 2200-mm in length, 600-mm in width
and 50-mm in thickness. One layer of 3.2 mm-diameter steel mesh
placed in the mid in AAC_T50L consisted of 12 steel wires in the trans-
verse direction and 4 steel wires in the longitudinal direction as shown
in Fig. 2. Two LGC_T50L panels (i.e., LGC_T50L_1 and LGC_T50L_2) were
constructed with the same dimension and reinforcement configuration
as AAC_T50L to investigate the effect of using LGC on the performance.
LGC_T50S had the same dimension as AAC_T50L but used the 2.5-mm-
diameter steel mesh with smaller mesh grids, which consisted of 21
steel wires in the transverse direction and 6 steel wires in the longitu-
dinal direction to maintain the same reinforcement ratio (i.e., 0.11 %) as
AAC_TSOL. It is noted that using smaller mesh grid size is beneficial to
resist windborne debris impact on the panel. More number of closely
spaced reinforcements with smaller diameter were effective in
enhancing perforation resistance and mitigating damage than using less
number larger reinforcements with the same reinforcement ratio as
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Fig. 2. Schematic diagram of the panels (unit: mm) (a) plan view and (b) sectional view.
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Table 1
Description of testing specimens.

Structures 51 (2023) 1219-1229

D Matrix material Density (kg/m3) Weight (kg) Thickness (mm) Reinforcements (mm) Reinforcements ratio (%)
AAC_T50L AAC 765 46.2 50.8 3.2 0.11
LGC_T50L_1 LGC 1033 71.9 51.5 ?3.2 0.11
LGC_T50L 2 LGC 1033 72.3 51.8 ?3.2 0.11
LGC_T50S LGC 1033 73.8 50.4 @25 0.11
LGC_T37L LGC 1033 47.0 37.9 ?3.2 0.11
volume proposed in the authors’ previous study [43] was adopted to
La.ble 2 tion of LGC [43] fabricate lightweight reinforced panels, as shown in Table 2. Low cal-
1X proportion o . . . .
prop cium fly ash was provided by Cement Australia from the Gladstone
Constituent Flyash ~ Slag  NaOH  Na,SiO;  Sand  EPS power station, which was classified as class F as per ASTM C618-19 [47].
Weight (kg/m>) 595 105 80 200 325 4 Ground granulated blast-furnace slag (GGBFS) was sourced from BGC

reported in [44]. A smaller grid size can ensure the impact is on the steel
mesh and prevent penetration of the panel. Additionally, distributing
the impact load evenly over the panel surface can also prevent localized
damage and reduce the chances of panel failure. LGC_T37L with 37.5-
mm in thickness having a similar weight as AAC_T50L was prepared
to compare the structural performance of AAC and LGC panels with the
same weight. The ambient density of AAC and LGC was tested before the
flexural test as per AS 5146.2 [45]. The configurations of AAC and LGC
panels are detailed in Table 1.

2.2. Specimen preparation

In this study, the reinforced AAC panel was provided by a local
supplier, Westgyp [46]. The mix design of the LGC with 30% EPS in

cement. Fly ash and GGBFS at mass ratio of 5.6 were used as binder
materials. The chemical compositions of binder material evaluated by X-
ray fluorescence analysis are presented in Table 3. Silica sand as fine
aggregates was supplied by Hanson Construction Materials. The mass
ratio of sand to binder was 0.46. D-grade sodium silicate (NaySiOs3)
(specific gravity = 1.53) and 8-M (molarity = 8 mol/L) sodium hy-
droxide (NaOH) solution were combined in mass ratio of 2.5 to activate
the geopolymerization reaction. The mass ratio of alkaline activator to
binder was determined as 0.4.

The manufacturing process of LGC with EPS is based on the authors’
previous study [43] as detailed in Fig. 3. The dry ingredients, including
fly ash, slag and sand, were mixed for three minutes, and subsequently,
the alkaline activator solution was gradually added into the mixer to
obtain geopolymer mortar. Then, EPS beads were blended with the
geopolymer mortar for another three minutes to ensure uniform

Table 3
Chemical compositions of slag and fly ash [43].
Composition (wt.%) SiO, Al,O3 Fe,03 CaO MgO TiO, P,0s5 Na,O K,0 SO3 MnO Others LOI
Slag 32.50 13.56 0.85 41.20 5.10 0.49 0.03 0.27 0.35 3.20 0.25 1.12 111
Fly ash 51.10 25.56 12.48 4.30 1.45 1.32 0.88 0.77 0.70 0.25 0.15 0.46 0.57
Note: LOI = loss on ignition.
—_

Sand

Ambient curing for 28 days

Alkaline activator

Casting of panels in moulds

Mixing for 2 minutes

Mixing for 2 more minutes EPS beads

Fig. 3. Manufacturing process of LGC panels.

Fig. 4. Cross-section of the panels with various thicknesses.
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(a) (b) ©

Fig. 5. Test set-up for (a) compressive test for LGC, (b) flexural test for LGC and
(c) tensile test for steel wire.

1,2000

=500

} 1000 1,=500
i/Loadframe

Lsi

Support frame

(b)

Fig. 6. Four-point bending test setup: (a) schematic diagram and (b) photo-
graph (unit: mm).

distribution. The resultant LGC mixture was then poured into moulds
and subjected to vibration to eliminate trapped air bubbles. After 24 h,
the specimens were removed from the moulds and allowed to cure under
ambient conditions for 28 days. The cross-sections of LGC panels with
various thicknesses in Fig. 4 demonstrate that uniform distribution of
EPS beads was achieved.

2.3. Instrumentation and test setup

2.3.1. Material test

The material tests, i.e., compressive and flexural tests for LGC and
tensile tests for steel wire, were conducted by using the SHIMADZU
testing system, as shown in Fig. 5. A total of 16 cubic specimens with the
dimension of 50 x 50 x 50 mm® were tested with an equivalent loading
rate of 0.33 MPa/min to obtain the compressive strength of LGC at 28
days as per AS 5146.2 [45]. A total of four specimens with the di-
mensions of 150 x 50 x 50 mm? (length x width x height) were tested
under an equivalent loading rate of 0.01 mm/s for flexural tests as per
AS 5146.2 [45]. The modulus of rupture can be calculated as follows:
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Table 4
Material properties of AAC [46] and LGC.

Material p (SD) (kg/m3) fc’(SD) (MPa) fr (SD) (MPa) E (SD) (GPa)
AAC 765 (20.08) 4.18 (0.33) 0.50 (0.08) 1.18 (0.10)
LGC 1033 (28.5) 12.75 (1.4) 1.02 (0.12) 4.83 (0.03)

Note: p = density; f.” = compressive strength; f, = modulus of rupture; E =
modulus of elasticity; and SD = standard deviation.

fon = Fili/ (byihy,;) €]
where ff is the modulus of rupture; F; is the measured breaking load; [; is
the measured distance between the supports; bs; is the width of the
specimen at the position of the break; and hg; is the height of the spec-
imen. With respect to the steel mesh of LGC panels, three steel wire
coupons for each diameter were tested to obtain the mechanical prop-
erties as per AS 4671 [48].

2.3.2. Four-point bending test

Figs. 6 (a) and (b) illustrate the schematic diagram and laboratory
setup of four-point bending tests as per AS 5146.2 [45], including a load
cell, hydraulic jack, linear variable differential transformer (LVDT), data
acquisition system, load frame and support frame. The load was applied
via a hydraulic jack with an equivalent rate of 1 mm/min. The load
frame, including two 10 kg I-section beams with the dimension of 100
mm X 100 mm x 700 mm (width x height x length) shown in Fig. 6,
was used to apply uniform loading across the width of panel. The total
applied load is the sum of the applied load provided by the hydraulic
jack and self-weight of the load frame. The full-field strain and
displacement were obtained by two cameras via the DIC technique. Each
camera covered half of the panel with overlap at the mid-span. The
LVDT was used to confirm the deflection at the mid-span obtained by
using the DIC technique. Two limit states were considered, i.e., the
serviceability limit states (SLS) that represent the functional or opera-
tional use and the ultimate limit states (ULS) that represent the failure of
the structure and its components. The panel was considered within the
SLS when the mid-span deflection was less than the value of clear span/
250 (i.e., 8 mm for the specimens in this study) [45]. The bending ca-
pacity at the SLS (M) and ULS (M) in kN-m, can be determined by using
Egs. (2) and (3) as per [45], respectively.

M; = 0.5(P;; +9.81my) 1, +0.125(9.81my)l,; 2)

M, = 0.5(P;+9.81my)l, 4+ 0.125(9.81my)Ly (3)
where Pg; and P; represent the load applied to the load frame at the SLS
and ULS, respectively; L is the clear span of the panel; L; is the mean
distance between the centre lines of loading bars and the centre lines of
support bars; my is the mass of the load frame; and my; is the mass of the
specimen. The characteristic bending moment capacity per meter width
in KN m/m at the SLS (M) and the ULS (M,,) can be calculated for the
tested speciemn by using Egs. (4) and (5) in accordance with [45],
respectively.

ML‘: = lMs/b (4)

M., =AM, /b 5)
where A is the reduction factor (i.e., 0.63) defined in AS 5146.2 [45] and
b is the width of the panel. The requirements of M, for the 50 mm-thick
wall panels and 50 mm-thick floor panels were 0.18 kN m/m and 0.21
kN m/m, respectively, as per AS 5146.3 [49].
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Table 5

Experimental results of the tested specimens.
Specimen P, (N) M, (kN m/m) SMI (%) P, (N) M, (kN m/m) UMI (%) &, (mm) DI (%)
AAC_T50L 98.01 0.19 - 253.82 0.23 - 55.03 -
LGC_T50L_1 384.01 0.34 68% 1294.46 0.58 110% 81.56 48%
LGC_T50L_2 401.45 0.35 69% 1302.16 0.58 110% 79.32 44%
LGC_T50S 306.24 0.33 60% 1124.12 0.54 97% 69.51 26%
LGC_T37L 236.84 0.23 13% 1010.05 0.43 57% 71.72 30%

Note: P; = applied load at the SLS; M., = characteristic bending capacity per meter width at the SLS; SMI = increment in M, as compared to AAC_T50L; P, = applied
load at the ULS; M, = characteristic bending capacity per meter width at the ULS; UMI = increment in M, as compared to AAC_T50L; 6, = ultimate mid-span

deflection; and DI = increment in §, as compared to AAC_T50L.

3. Experimental results
3.1. Material properties

The material properties of AAC and LGC are compared in Table 4. It
should be noted that the data of AAC was provided by the supplier [46].
As given in Table 4, the density of LGC was 1033 kg/m>, which was 1.3
times higher than that of AAC (i.e., 765 kg/m%). The compressive
strength, modulus of rupture and modulus of elasticity of AAC were
4.18 MPa, 0.50 MPa and 1.18 GPa, respectively. As compared to AAC, an
increment of 205%, 104% and 311% in the compressive strength,
modulus of rupture and modulus of elasticity was obtained by LGC,
respectively. It indicated that LGC had a higher strength-to-weight ratio
than AAC, which can enhance the structural performance of panels.
Additionally, the 3.2 mm-diameter steel wire for AAC panel had the
yielding strength of 734 MPa as provided by the supplier [46]. The yield
strength of the steel wire with the diameter of 3.2 mm and 2.5 mm used
to reinforce LGC panels was measured as 713 MPa with the standard
deviation of 4.46 MPa and 728 MPa with the standard deviation of 5.44
MPa, respectively. The steel mesh used in LGC panels had a similar yield
strength to that of AAC panel, and both met the requirement of grade
500L as per [48].

3.2. Testing results of the panel

This section presents and compares the structural performance of
AAC and LGC panels under four-point bending tests. The experimental
results of the testing specimens are summarized in Table 5. The bending
capacity was determined by the applied load provided by the hydraulic
jack, self-weight of the load frame (i.e., 20 kg) and self-weight of the
panels. It is noted that the applied load P; and P, excluded the self-
weight of the loading frame and the specimen. The effects of the
thickness, reinforcement configuration and using LGC material on fail-
ure modes, cracking patterns and load-deflection behaviour of the
testing specimens were discussed and analysed. In addition, the
enhancement of LGC panel with respect to the bending capacity at the
SLS and ULS as well as ultimate mid-span deflection was determined and
compared.

3.2.1. Failure modes and crack patterns

Figs. 7 (a)-(e) show the failure modes and cracking patterns of the
AAC and LGC panels. For AAC_T50L, two primary cracks initiated at the
soffit of the panel. With the increase of the applied load, the cracks
propagated quickly along the cross-section of the panel. Then, numerous
cracks formed between the primary cracks. The panel experienced AAC
crushing and shattering in the middle region of the panel and failed with
a sudden collapse as shown in Fig. 7 (a). The shattering of AAC was also
reported in the previous studies [15,50]. It is because AAC with porous
nature had low strength, which resulted in the low ductility of reinforced
AAC panels.

With respect to the LGC panels, shattering was not observed at the
ULS. As shown in Figs. 7 (b) and (c), the panels LGC_T50L_1 and
LGC_T50L_2 both failed in the flexural mode with cracks initiated on the
bottom surface. With the increase of the applied load, the cracks
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propagated along the transverse direction of the panel and widened after
reaching the yielding of longitudinal reinforcement. Finally, LGC_T50L
panels failed with LGC crushing in the compression zone. For LGC_T50S
and LGC_T37L, the development of cracks was similar to that of
LGC_T50L panels. As shown in Figs. 7 (d) and (e), one primary crack and
several secondary cracks initiated from the tension zone. The primary
crack further propagated through the full width of the panel and
widened. The panel failed with a sudden drop in the loading owing to
the LGC crushing in the compression zone. It is worth noting that the
rupture of the longitudinal reinforcement of LGC_T50S occurred before
failure, which decreased the bending capacity and ductility of the panel
at the ULS as compared to LGC_T50L panels. Figs. 8 (a)-(d) show the
transverse strain field of the testing panels at the ULS. As shown, the
maximum strain of AAC_T50L was 4.31% in the compressive zone,
which caused the AAC shattering. The maximum strain of LGC_T50L_1,
LGC_T50S and LGC_T37L was measured as 9.37 %, 7.98 % and 7.01 %,
respectively. The test results demonstrated that replacing AAC with LGC
as matrix material in lightweight panels led to the shift of failure mode
from AAC shattering of AAC panels to flexural damage of LGC panels due
to the higher strength of LGC as compared to AAC.

3.2.2. Structural behaviours of LGC panels

As presented in Fig. 9, the reinforced lightweight panels showed
typical flexural behaviour under four-point bending, which can be
characterized by three distinct stages including the pre-cracking stage,
post-cracking stage and post-yielding stage. For stage 1 (pre-cracking),
the panel behaved within the elastic phase, and the load-deflection
curve showed linear relationship during this stage. This stage ended
when the first crack appeared on the specimen and the applied load
reached the cracking load. For stage 2 (post-cracking), the mid-span
deflection increased nonlinearly with the increase of applied load due
to the propagation of cracks. Multiple cracks propagated upward and
widened as the applied load increased. Then, tensile force of LGC panels
was mainly carried by steel mesh. This stage ended when the steel mesh
reached its yielding limit. For stage 3 (post-yielding), the mid-deflection
increased substantially with the increased applied load during this stage
owing to the reduction of panel stiffness caused by the rapid develop-
ment of cracks. After that, the applied load decreased dramatically,
which indicated reaching the ultimate load-bearing capacity of the
reinforced LGC panel.

The load-deflection curves of all the tested panels are presented in
Fig. 10. The deflection was captured by using DIC technique. According
to AS 5146.2 [45], the mid-span deflection should be less than the value
of clear span/250 (i.e., 8 mm) to ensure the SLS of the panel. As observed
in the zoom-in graph of Fig. 10, the applied load of the LGC panels at
cracking point was higher than that of the AAC panel. It is because the
modulus of rupture of LGC material was 104% higher than that of AAC
material. Furthermore, the LGC panels had higher stiffness as compared
to the AAC panel within the SLS, which resulted in considerably higher
service loads at the SLS. For instance, the service load of LGC_T50_1,
LGC_T50_2. LGC_T50S and LGC_T37L were 384.01 N, 401.45 N, 306.24
N and 236.84 N, which were 3.9, 4.1, 3.1 and 2.4 times higher than that
of AAC_T50L (i.e., 98.01 N), respectively. The experimental results
demonstrated that replacing AAC with LGC improved the performance
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Fig. 7. Failure modes and crack patterns of the tested panels.
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of the panel within the SLS.

For AAC_T50L, the linear elastic behaviour was observed with the
increase of the mid-span deflection at the pre-cracking stage. Then, the
mid-span deflection increased nonlinearly to 4.24 mm with the applied
load up to approximately 95 N because of the development of main
cracks, which resulted in a sudden drop of the applied load and a
remarkable reduction in stiffness. After that, numerous cracks initiated
as the applied load increased, which resulted in a “saw-teeth’” increase.
It should be noted that the AAC panel experienced sudden collapse at the
peak load of 253.82 N with the corresponding mid-span deflection of
55.03 mm, which resulted in the failure of AAC_T50L before the yielding
of longitudinal reinforcement.

As shown in Fig. 10, all the tested LGC panels showed typical flexural
behaviour under four-point bending with stiffness degradation till the
ultimate load. It was observed that the flexural behaviours of the two
LGC_T50L panels were consistent. At first, the panels of LGC_T50L
responded linearly during the pre-cracking stage. The applied load
about 10% of the peak load was mainly carried by the matrix until the
appearance of the crack at the cracking point. Then, the mid-span
deflection increased nonlinearly to around 45 mm with the applied
load up to approximately 1150 N for the post-cracking stage. During the
post-cracking stage, it was observed when a new crack initiated, the
applied load suddenly dropped due to the stress release, and it increased
again when stress redistributed to different sections. The crack devel-
oped with the increasing applied load until the tensile stress reached the
modulus of rupture of LGC. This phenomenon of the dropping loading
recurred with multiple cracks developed until complete failure. Then, a
substantial increase in the mid-span deflection with the slowly rising
applied load was observed due to the yielding of longitudinal rein-
forcement. For instance, the mid-span deflection of LGC_T50L_1
increased to 81.56 mm during the post-yielding stage while the applied
load increased to 1294.46 N. After that, the specimen consequently
failed in flexural mode along with LGC crushing on the compression
side. The mid-span deflection of LGC_T50L panels at the ULS was about
80 mm, which was 1.45 times more than that of AAC_T50L.

The load—deflection behaviour of LGC_T50S was similar to that of
LGC_T50L. As observed, the applied load was 1023 N with the corre-
sponding mid-span deflection of 37 mm at the yielding point. Then,
when the mid-span deflection increased to 69.51 mm, the load reached
the ultimate load of 1124.12 N with a gradual reduction in stiffness. The
mid-span deflection of LGC_T50S was 26% higher than that of
AAC_T50L. However, the bending capacity and mid-span deflection of
LGC_T50S was lower than that of LGC_T50L panels at the ULS for which
the load suddenly decreased due to the rupture of the steel wire and the
LGC crushing.

LGC_T37L had the similar trend of the load—deflection curve to that
of LGC panels with the thickness of 50 mm but the stiffness of LGC_T37L
with 37.5 mm thickness was lower. This was attributed to the 25%
thinner thickness of LGC_T37L, which has a direct influence on the
initial cracking moment before the crack appeared. Several significant
loading drops were also observed due to the development of cracks. As
shown, the applied load was 880 N with the corresponding mid-span
deflection of around 45 mm at the yielding point. After that, the peak
load was 1010.05 N with the corresponding deflection of 71.72 mm. An
increment of 30% in the mid-span deflection was obtained by LGC_T37L
as compared to that of AAC_T50L. It is worth mentioning that better
structural performance can be obtained by the LGC panel with the same
weight but less thickness as compared to AAC panel. The improved
loading and deformation capacity are mainly attributed to the improved
mechanical properties of the LGC, which consisted of the compact
geopolymer matrix and lightweight aggregates [33,43].

The characteristic bending capacities in the SLS and ULS of AAC and
LGC panels are summarized in Table 5. The characteristic bending ca-
pacity per meter width of AAC_T50L at the SLS was 0.20 kN-m/m. An
increment of 69%, 60% and 12% was obtained by LGC_T50L, LGC_T50S
and LGC_T37L, respectively. The characteristic bending capacity per
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Fig. 9. Typical load—deflection curves of LGC panels.

meter width of AAC_T50L at the ULS was 0.28 kKN-m/m. The charac-
teristic ultimate bending capacity of LGC panel with the same dimension
as AAC panel was around twice higher than that of AAC panel. It is worth
noting that LGC_T37L had the same weight but 25% thinner than that of

(d)

Fig. 8. Transverse strain field of the testing panels at the ULS.
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AAC_T50L, and a 57% higher ultimate characteristic bending capacity
per meter width. The characteristic ultimate bending capacity per meter
width of all the LGC panels met the requirement for the purpose of 50
mm-thick wall panels (i.e., 0.18 kN m/m) and 50 mm-thick floor panels
(i.e., 0.21 kN m/m) according to AS 5146.3 [49]. In summary, the LGC
panels showed much improved flexural capacity than that of AAC panel.

4. Analytical investigation

As per AS 5146.2 [45], the ultimate bending capacity (M,) of the
reinforced AAC panel can be predicted based on force equilibrium at the
balanced condition. The prediction on M,, of the reinforced AAC panel is
given as follows:

M, = ki f 76k, (1 — ) ©)
a=1- (1 - kn)gc'/(zg‘r) )
B={2k(1 - k,)[—1+2k(1 — k,)/3ky ]+ kn }/[2ky — 2k(1 — k)] 8)

where ky, is the factor for the panel thickness less than 75 mm (i.e., 0.8);
U is the long-term reduction factor (i.e., 0.85); y. is the partial factor for
AAC material (i.e., 1.5); f.’ is the compressive strength of AAC material;
b is the width of the section; d is the effective depth from compression
face to the centroid of reinforcement; k, is the factor used to calculate
the depth to the neutral axis, k, = &./(ec + ¢&); € and &; represent the
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Fig. 11. Ultimate bending moment: experimental results vs analytical
predictions.

strain of AAC and steel reinforcement; a is the factor defining the
compressive force in the AAC, amqx = 0.667; f is the factor defining the
distance of the force in the AAC from the extreme compressive fibre,
Pmax = 0.361; k is the factor relating the compressive and tensile strains
in bending, k = ¢./(3¢;). The factors a and $ were adopted for the stress
block parameters based on the stress—strain behaviour of AAC material.

The prediction by using AS 5146.2 is compared with the experi-
mental results as shown in Fig. 11. It was observed that AS 5146.2 can
reasonably predict M, of the AAC panel with an error margin of 13%. In
addition, it was found that the model of AS 5146.2 used for AAC panels
underestimated M, of the LGC panels due to different mechanical be-
haviours between AAC and LGC material. Fig. 12 shows the compressive
stress-strain curves of AAC and LGC material and their stress-strain
curve profiles are different. LGC material shows triangular stress dis-
tribution [43] and AAC material shows parabolic stress distribution
[51], which is due to the different porous structure of AAC and LGC
material as shown in Fig. 13. AAC material has the fraction volume of
pores from 65% to 90% [52], which was much higher than that of LGC
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Table 6
Comparison of experimental and predicted ultimate bending moment of AAC
and LGC panels.

Specimen Mexp Mpys Mps/Mexp Mpre Mpre/Mexp
AAC_T50L 0.21 0.18 87% - -
LGC_T50L_1 0.55 0.29 52% 0.51 92%
LGC_T50L_2 0.56 0.29 52% 0.51 92%
LGC_T50S 0.51 0.27 53% 0.50 97%
LGC_T37L 0.41 0.16 39% 0.37 90%

Note: M,,, = experimental results of the M,; Mas = predicted value of the M,, by
AS 5146.2 [45]; and Mp,, = predicted value of the M, by the proposed model in
this study.

with 30% EPS in volume. AAC experienced foam-like crushing behav-
iour, which was different from LGC showing more brittle behaviour.
Therefore, to predict M, of the reinforced LGC panel, an analytical
model need to be developed accordingly.

The basic assumptions were adopted for the ULS analysis of LGC
panel: (a) a plane cross-section remains plane after loading before
yielding, (b) the concrete in tension below the neutral axis is completely
cracked and tensile stress is sustained by the reinforcement only, and (c)
the compressive stress of LGC was assumed distributed triangularly.
Fig. 14 shows the generalized stress and strain distributions on the cross-
section of the panel with a single layer of steel mesh at mid-height at the
ULS. The stress block parameters o and § were determined as 0.5 and
0.33 for the triangular stress block of LGC material according to the
stress distribution as shown in Fig. 14. The estimation of the ultimate
bending capacity of the reinforced LGC panel was based on the equi-
librium and tension-controlled section as discussed in Section 3.2.2.
Therefore, the ultimate bending capacity can be calculated by using Eqgs.
(9) and (10).

M, = 0.5f.bc(d — 0.33x) ©)

x=244/(f.b) (10)

where f;’ represents the compressive strength of LGC material; x is the
depth to the neutral axis; As represents the cross-section area of rein-
forcement; and f; stands for the yield strength of the reinforcement. As
shown in Fig. 11, the proposed model can well predict the M, of the
reinforced LGC panel with a discrepancy of less than 10%, which is
much better than the predictions by using AS 5146.2. Therefore, the
proposed model can be used for the design of the developed LGC panels.
The experimental and predicted results of the M, of AAC and LGC panels
are summarized in Table 6.
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5. Conclusion

In this study, a new reinforced panel was developed by using light-
weight geopolymer composite (LGC) for prefabricated buildings. The
material properties, i.e., density, compressive strength, modulus of
rupture, and modulus of elasticity of LGC and AAC were compared first.
The bending responses of one AAC and four LGC panels with different
thicknesses and reinforcement configurations were then investigated by
conducting four-point bending tests. Based on the experimental and
analytical results presented in this study, the main conclusions can be
summarized as follows:

. The density of LGC (1033 kg/m?) was 1.3 times higher than that of
AAC (765 kg/m®), while LGC showed an increase in the compressive
strength, modulus of rupture, and elastic modulus by 248%, 104%,
and 311% as compared to the investigated AAC, respectively.

. The failure modes of the panels changed from severe shattering
damage of the AAC panel to flexural cracking of the LGC panels due
to higher strength-to-weight ratio of LGC material.

. The characteristic bending capacity of LGC_T50L and LGC_T50S was
higher than that of AAC_T50L at the serviceability limit state (SLS)
and ultimate limit states (ULS). LGC_T37L with the same weight but
less thickness as compared to AAC panel obtained 12% and 57%
higher bending capacity at SLS and ULS, respectively.

. The LGC panels experienced the first crack at a much higher loading
level than the AAC panel. All the panels tested in this study met the
requirement of characteristic bending capacity for the applications of
prefabricated cladding, walls and floors as specified in [49], indi-
cating the potential applications of these panels made of sustainable
material in construction.

. Empirical formulae were proposed to accurately predict the ultimate
bending capacity of the developed LGC panels, which can be used for
design purpose.
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