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A B S T R A C T   

Lightweight panels have been widely employed as building envelopes in construction. As a result of the rising 
demand for environmentally friendly building materials, the authors recently developed a lightweight geo-
polymer composite (LGC) material and investigated the performance of reinforced LGC panels under static 
loading. Superior performance of LGC panels as compared to conventional panels such as autoclaved aerated 
concrete (AAC) panels has been observed, demonstrating their potential applications. During strong winds, 
building envelopes might be subjected to windborne debris impact, which could threaten residents and facilities 
and lead to structural failure. To explore the application potentials of LGC panels in strong wind regions, in this 
study, the performances of LGC panels subjected to windborne debris impact were investigated and compared 
with those of AAC panels by using a pneumatic cannon testing system. The failure modes and damage levels 
under different impact scenarios of LGC and AAC panels and their impact resistance capacities were obtained, 
compared and quantified in terms of the projectile residual velocity, penetration length and opening size. The 
effects of matrix materials, panel thicknesses, impact locations, reinforcement spacings and projectile impact 
velocities on their impact resistance performance were analyzed. For comparison, the punching shear capacities 
of the panels were also quasi-statically tested and analyzed subjected to the same projectile employed in the 
impact tests.   

1. Introduction 

Prefabricated construction technology is considered as a sustainable 
construction method due to its affordability, energy efficiency and sus-
tainability [1,2]. Reinforced autoclaved aerated concrete (AAC) panels 
have been widely used as prefabricated lightweight building envelopes 
(e.g., external cladding walls, roofs and floors) in domestic and indus-
trial constructions, as shown in Fig. 1. There is a growing demand for 
sustainable construction by using lightweight sustainable materials with 
high strength-to-weight ratios, good thermal insulation, sound absorp-
tion and fire resistance [3,4]. A new lightweight geopolymer composite 
(LGC) material has been developed by the authors [5,6], and the re-
sponses of reinforced lightweight panels made of this newly developed 
LGC under static loadings were studied for application to prefabricated 
structures [7]. The results showed that the LGC panels have better 
structural performance in terms of load-carrying capacity as compared 
to AAC panels, and can meet the requirement for the applications to 
prefabricated building envelopes (i.e., cladding walls, roofs and floors) 

[8]. 
In recent years, the intensity and occurrence of strong wind events 

have increased due to climate change. According to post-storm in-
vestigations, an immense amount of windborne debris was generated, 
which has been the major cause of damage to building envelopes during 
strong wind events [11]. The perforation of windborne debris can 
impose severe risks to residents and facilities inside the building, even 
resulting in structural failure [12], as shown in Fig. 2. A dominant 
opening could be created due to windborne debris penetrating through 
the building envelopes. As a result, the increased loads on the building 
envelope (i.e., roofs and walls) due to internal pressurization might 
result in roof lift-up or wall collapse. Therefore, the structural integrity 
and the penetration resistance capacity of the reinforced lightweight 
panel are essential for the safety of the residents and structures when it is 
used as building envelope in strong wind regions [13]. In Australia, the 
windborne debris impact needs to be considered in structural design, 
that is, the penetration resistance capacity of the building envelope to 
withstand windborne debris should satisfy the requirements as per the 
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design codes such as AS/NZS 1170.2:2021 [14]. 
In recent decades, the response of reinforced concrete (RC) slabs/ 

panels subjected to localized impact has been intensively investigated. It 
is reported that the response and damage modes of slabs/panels are 
significantly affected by concrete strength and reinforcement configu-
ration [17]. Several experimental studies were conducted to evaluate 
the effect of concrete strength on the impact resistance of RC slabs 
[18–22]. The high strength of concrete can significantly enhance the 
capacity of RC slabs/panels to resist penetration. The effect of rein-
forcement in the RC panels on the penetration resistance capacity was 
also investigated [23–26]. In addition, factors such as reinforcement 
ratios, materials of reinforcement and locations of the reinforcement 
affect its impact resistance capacity and failure modes. For example, 
Sadraie et al. [26] reported that the performance of slabs is enhanced by 
increasing the reinforcement ratio or the slab thickness under drop 
weight impact loads. The size and spacing of reinforcement mesh also 
affect the impact resistance of concrete panels. Abbas et al. [27] inves-
tigated the effect of reinforcement spacing on quasi-static and dynamic 
punching loads. The 600 mm × 600 mm × 90 mm panels reinforced by 
two steel-mesh spacings of 25 and 100 mm with the same reinforcement 
ratio were tested. It illustrated that closely spaced rebars with smaller 
diameters were more effective in reducing damage levels and enhancing 
perforation resistance. Therefore, to improve the perforation resistance, 
the mesh spacing of reinforcement was recommended to be less than the 
nominal cross-section of the projectile to ensure the impact on the steel 
mesh [25]. 

Most previous studies focused on the performance of reinforced 
panels under impact loads with high velocity in the range of 100–300 m/ 
s. However, limited studies on the performance of reinforced concrete 
panels subjected to windborne debris impact (with the velocity under 
50 m/s) have been reported in the literature. Nevins [28] experimentally 
studied the penetration resistance capacity of RC slabs with the thick-
ness of 152.4–254.0 mm against a 6.8 kg wooden projectile at the impact 
velocity range of 15.6–33.0 m/s. Carter [29] reported that windborne 
debris with the velocity of 16.1–34.9 m/s results in extensive radial 
cracks and scabbing at the distal face of RC walls with different thick-
nesses. Kulkarni and Shafei [30] studied the performance of concrete 
wall panels subjected to projectile impact in the range of 10–70 m/s and 
reported that steel rebars enhanced the performance of reinforced wall 
panels under windborne debris impact. In addition, the performances of 
building envelopes, such as structural insulated panels and corrugated 
panels, subjected to windborne debris impact have been symmetrically 
investigated by authors [31–38]. However, no study on the thin rein-
forced lightweight panels subjected to windborne debris impact can be 
found in the literature yet. Hence, it is essential to investigate the per-
formance of reinforced lightweight panels subjected to windborne 
debris impact. 

This study experimentally investigated the performance of AAC and 
LGC panels subjected to windborne debris impact by using a pneumatic 
cannon testing system. Six AAC panels and 20 LGC panels with different 

configurations were tested under a 4 kg wooden projectile impact with 
velocities in the range of 18–28 m/s as per AS/NZS 1170.2:2021 [14]. 
The dynamic responses were examined quantitatively in terms of pro-
jectile residual velocity, penetration length and opening size. The effects 
of matrix materials, impact velocities, impact locations, panel thick-
nesses and reinforcement spacings on their performance were examined. 
The specimens with different configurations were also quasi-statically 
tested under punching shear loads using the same wooden projectile 
employed in the impact tests. The failure modes were observed and 
compared with those under projectile impact. 

2. Experimental program 

Windborne debris impact tests were conducted as per AS/NZS 
1170.2:2021 [14]. As specified, the structural component should be able 
to withstand the impact of windborne debris, which is represented by a 
4 kg wooden projectile with a nominal cross-section of 100 mm × 50 
mm. The impacting velocity of the projectile is specified as 0.4 VR for 
horizontal trajectory and 0.1 VR for vertical trajectory, respectively, in 
which VR is the regional wind speed. The structural panel used as 
building envelope is classified as Importance Level 2 with the specified 
annual probability exceedance of 500 years for wind as per the Building 
Code of Australia (NCC 2022) [39]. For instance, the specified design VR 
values are 45, 57 and 69 m/s at regions A, B and C, respectively, which 
correspond to the projectile impact velocities of 18, 23 and 27 m/s, 
respectively. For comparison, the specimens were also tested under 
quasi-static punching shear loads using the wooden projectile, which 
was used for the impact test. 

2.1. Design and manufacturing of specimen 

In this study, the commercially used AAC panels in construction were 
provided by a local supplier named Westgyp [9]. The LGC panels were 
fabricated by using the mix design of ambient-cured LGC with 30% EPS 
in volume developed in the previous study [5], as presented in Table 1. 
Low calcium fly ash and slag, silica sand and EPS beads were used as 
binder materials, fine aggregates and lightweight aggregates, respec-
tively. The mixed solution of D-grade sodium silicate (Na2SiO3) and 8 M 
(molarity = 8 mol/L) sodium hydroxide (NaOH) solution was used as 
alkaline activator. The mass ratios of fly ash to slag and alkaline acti-
vator to binder were determined as 5.6 and 0.4, respectively. The 
manufacturing process of LGC panels is detailed in Fig. 3 [5]. At least 
three sulphur-capped cylindrical specimens (Ø100 mm × 200 mm) for 
each configuration were tested to determine the material compressive 
strength by using MATEST testing machine with the loading rate of 0.33 
MPa/min as per ASTM C39-18 [40]. The material properties of AAC and 
LGC are summarised in Table 2 [7]. 

Four specimens (i.e., one panel for each configuration) (Fig. 4.) were 
prepared for the quasi-static punching shear test, and 26 specimens, 
including 6 AAC panels and 20 LGC panels, were prepared for the impact 

Fig. 1. Prefabricated AAC panel construction: (a) schematic illustration [9] and (b) photograph [10].  
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test. All the panels used in this study had the same dimension of 640 mm 
× 600 mm. The commercially available AAC panel with the thickness of 
50 mm (namely AAC_T50L) was reinforced by one layer of Ø 3.2 mm 
welded steel mesh in the transverse and longitudinal directions. The 
effective depth of the steel mesh was 25 mm. LGC_T37L with a thickness 
of 37.5 mm, having a similar weight as AAC_T50L of thickness 50 mm, 
was prepared to compare the structural performance of AAC and LGC 
panels with the same weight. To investigate the effect of using LGC as 
matrix material, LGC_T50L specimens with the thickness of 50 mm were 
constructed with the same mesh configuration as AAC_T50L. To study 
the influence of reinforcement spacing, LGC_T50S had the same 
dimension as LGC_T50L but was reinforced by using the 2.5 mm-diam-
eter welded steel mesh with smaller mesh grids (i.e., 98 mm × 100 mm), 
which consisted of six steel wires in the transverse direction and seven 
steel wires in the longitudinal direction to maintain a constant rein-
forcement ratio. The specifications of the specimens are given in Table 3. 

2.2. Experimental methodology and equipment 

2.2.1. Quasi-static punching shear test 
Before conducting windborne debris impact tests, the panels were 

tested under quasi-static punching shear loads. Fig. 5 illustrates the 
laboratory setup of quasi-static punching shear test, including a load 
cell, hydraulic jack, linear variable differential transformer (LVDT), data 
acquisition system and wooden projectile. The loading was applied 
through a wooden projectile with a nominal cross-section of 100 mm ×
50 mm, which was also used as the projectile for the windborne debris 
impact test. The specimens with the effective dimension of 560 mm ×
500 mm at the distal face were clamped at the four edges (same as in the 
impact test) and subjected to quasi-static punching shear loads with an 
equivalent loading rate of 1 mm/min until failure. The location of the 
applied load was at the center of the specimen in such a manner that no 
steel mesh of AAC_T50L, LGC_T37L and LGC_T50L panels was in the 
loading area. For LGC_T50S specimens, however, the steel mesh existed 
in the projectile loading area due to the close spacing of the steel mesh. 

2.2.2. Pneumatic cannon impact test 
In the impact test, the projectile was launched at the desired velocity 

by using a pneumatic cannon, which was used to simulate debris driven 
by the wind. Fig. 6 (a) and Fig. 6 (b) illustrate the schematic diagram and 
laboratory setup of the pneumatic cannon impact test, respectively, 
including the pneumatic cannon, steel support frame, high-speed cam-
eras and halogen lights. As shown in Fig. 7, the specimens were clamped 
peripherally onto the support frame, which had the effective dimension 
of 560 mm × 500 mm at the distal face and was located 4 m away from 
the pneumatic cannon. The pneumatic cannon included a 3 m barrel, a 
chamber and an air compressor. A 4 kg wooden rod with cross-sectional 
dimensions of 100 mm × 50 mm was used as projectile as per AS/NZS 

1170.2:2021 [14]. Two high-speed cameras were used to capture the 
projectile striking and residual velocity, as well as the damage process of 
the specimens from the proximal and distal faces. The projectile 
impacted onto the specimens at various locations of the panel including 
plain matrix (PM), steel wire (SW) and wire intersection (WI), as illus-
trated in Fig. 8. 

3. Experimental results 

3.1. Quasi-static punching shear test 

Fig. 9 (a)–9 (d) show the failure pattern of reinforced lightweight 
panels subjected to quasi-static punching shear loads. The steel wires 
around the location of the applied load are indicated in black dashed 
lines. AAC_T50L failed in punching shear patterns, and a typical shear 
plug was formed, with indentation observed at the proximal face and 
only punching shear cracks formed at the distal face. The AAC material 
as a porous and brittle material has a fraction volume of pores around 
65%–90% and an extremely low modulus of rupture of 0.5 MPa. 
Therefore, the shear plug was formed when the shear strength was 
reached along the plug surface. Compared with AAC panels, LGC panels 
primarily failed in flexural modes, that is, flexural yield lines extending 
from the loading location to the panel boundary were observed on the 
distal face of the specimens due to the relatively higher stiffness and 
flexibility of the LGC panels, as shown in Fig. 9 (b)–9 (d). It was reported 
that conventional RC panels with low thickness tended to fail in flexural 
mode by generating radial yield lines [41]. Therefore, the LGC panels 
with different configurations obtained comparable flexural behavior to 
the conventional RC panels under punching shear loads. The closer 
spacing of steel mesh in LGC_T50S specimens did not change the 
cracking pattern as compared to LGC_T50L. This observation was 
consistent with a previous study on the effect of rebar spacing on the 
behavior of RC panels under quasi-static punching shear loads [27]. 
Additionally, the LGC specimen with the thickness of 37.5 mm experi-
enced more severe damage than the 50 mm-thickness LGC specimens. 
The indentation and extensive cracks were observed on the proximal 
face of the LGC_T37L specimen. 

The load–deflection curves of all tested panels are presented in 
Fig. 10. The central deflection was recorded by an LVDT located at the 
midspan of the slab. All specimens behaved linearly up to the cracking 
load, beyond which the behavior was nonlinear until failure. A slight fall 
in the load–deflection curve was observed after reaching the first crack 

Fig. 2. Windborne debris impact: (a) Hurricane Harvey (2017) in Texas Coast [15], and (b) Tornado Alley (1999) in Oklahoma and Kansas [16].  

Table 1 
Mix proportion of LGC [5].  

Constituent Fly ash Slag NaOH Na2SiO3 Sand EPS 

Weight (kg/m3) 595 105 80 200 325 4  
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load. The LGC specimens exhibited higher initial stiffness than the AAC 
panel, which led to a higher cracking load of the LGC panels at the 
cracking point, resulting from the higher strength of LGC material. For 
instance, the cracking loads of LGC_T37L, LGC_T50L and LGC_T50S were 
1.2 kN, 4.2 kN and 3.6 kN, respectively, which were much higher than 
that of AAC_T50L (i.e., 0.4 kN). As shown in Fig. 10, the deflection of 
LGC_T50L at the cracking load was 3 mm, which was higher than those 
of other configurations (i.e., around 1.75 mm). For the AAC_T50L panel, 

Fig. 3. Manufacturing process of LGC panels.  

Table 2 
Material properties of AAC and LGC [7].  

Material ρ (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: ρ = density; fc’ = compressive strength of cubic specimen; fr = modulus of 
rupture; E = modulus of elasticity; and SD = standard deviation. 

Fig. 4. Schematic diagram of the panels (unit: mm): (a) plan view and (b) sectional view.  

Table 3 
Description of testing specimens.  

ID Material Compressive strength (MPa) Weight (kg) Length × Width (mm) Thickness (mm) Diameter of steel mesh (mm) Reinforcement ratio (%) 

AAC_T50L AAC  2.8 13 640 × 600  50.0  3.2  0.11 
LGC_T37L LGC  7.2 13 640 × 600  37.5  3.2  0.14 
LGC_T50L LGC  7.8 20 640 × 600  50.0  3.2  0.11 
LGC_T50S LGC  7.6 20 640 × 600  50.0  2.5  0.11  
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this difference can be attributed to the lower strength and toughness of 
the AAC matrix. For the LGC_T37L panel, the reduced thickness is the 
primary contributing factor. For the LGC_T50S panel, the densely spaced 
mesh can lead to stress concentration, particularly around the regions 
where the mesh is located, causing concrete to crack more easily in those 
areas as compared to LGC_T50L with similar reinforcement ratio and 
concrete strength. The decreased cracking strength with densely spaced 
mesh was also reported in the previous study [42] on the effect of mesh 
spacing on the performance of slab. In addition, the LGC_T50S and 
LGC_T50L specimens obtained similar ultimate loading capacities of 7.0 
and 6.5 kN, respectively, followed by LGC_T37L (i.e., 4.4 kN) and 
AAC_T50L (i.e., 3.0 kN). The experimental results demonstrated that 
LGC panels have better load-carrying capacity than AAC panels. 

LGC is made of by-products or waste material such as fly ash, slag 
and EPS. Utilizing LGC as matrix material can promote more sustainable 
practices in the construction industry, both in terms of embodied energy 
and greenhouse gas emissions, when compared to OPC-based products 
[43,44]. Although the production process of alkali-activators, including 
sodium silicate and sodium hydroxide, contributes to energy consump-
tion and greenhouse gas emissions, the overall environmental benefits of 
using geopolymer outweigh the drawback as the amount of alkali- 
activators used in geopolymer constitutes only a minor portion of its 
total weight. For instance, each ton of OPC-based material requires 
3.2–6.3 GJ of energy [45,46]. As for the raw material of geopolymer, it 
was reported that the energies required to produce one metric ton of FA, 
slag and sand were approximately 0.033, 0.857 and 0.081 GJ/t, 
respectively [47–49]. Moreover, the production of sodium hydroxide 
solution (8 M) and sodium silicate solution required 5.125 and 5.371 
GJ/t, respectively [50,51]. Therefore, the embodied energy required to 
produce LGC in this study is calculated as 1.236 GJ/t, which is sub-
stantially lower than that of OPC-based materials. Furthermore, the 
production of one kilogram of processed OPC typically generated 
around 0.85 to 0.92 kg of CO2 emissions [52,53], whereas one kilogram 

Fig. 5. Quasi-static punching shear test setup.  

Fig. 6. Pneumatic cannon impact test setup: (a) schematic diagram and (b) photograph.  
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of ambient-cured LGC resulted in average equivalent CO2 emissions of 
around 0.3 kg [54]. Therefore, the adoption of LGC panels in con-
struction not only enhances the load-carrying capacity of the panel, but 
also reduces greenhouse gas emissions in construction, contributing to 
achieving the carbon–neutral goal for environment protection. 

3.2. Pneumatic cannon impact test 

The performance of reinforced lightweight panels against windborne 
debris impact was investigated, and the effects of matrix materials, panel 
thicknesses, reinforcement spacings and projectile velocities on the 
impact resistance performance were studied. The dynamic response of 
the specimens was studied and recorded in terms of the residual velocity, 
penetration length (PL), damage level and failure pattern of steel mesh. 
Various damage levels indicate the amounts of dissipated energy during 
the impact [55]. According to the test results, three types of failure 
modes were identified. The projectile penetrating through the specimen 
was classified as ‘penetration and through (PT)’. The projectile pene-
trating but staying in the specimen was categorized as ‘penetration and 
stay (PS)’. The projectile generating the opening but rebounding by the 
specimen was classified as ‘rebounded (R)’. The cone-shaped plug was 
formed in all specimens by the projectile impact. The scabbing failure 
occurred as a result of stress wave propagation and shear deformation 
with diagonal cracks developing towards the distal face. The equivalent 
opening diameter at the distal face of the specimen was defined as the 
mean value of opening dimensions measured in different orientations (i. 
e., horizontal, vertical and two diagonal) by Eq. (1), as shown in Fig. 11 
[25,56]. 

Deq = (Dh + Dv + Dd1 + Dd2)/4 (1) 

where Deq denotes the equivalent opening diameter at the distal face; 

Dh and Dv are the diameters in the horizontal and vertical direction, 
respectively; and Dd1 and Dd2 are the diameters along two diagonal di-
rections. The detailed testing scenario and results for the AAC and LGC 
panels are given in Tables 4–7. 

3.2.1. Failure modes of AAC_T50L 
Three AAC_T50L specimens (i.e., AAC_T50L_PMA, AAC_T50L_PMB 

and AAC_T50L_PMC) were impacted at the location of plain matrix 
(PM). The projectile penetrated through the specimens by creating the 
opening at the distal face with Deq of 277, 281 and 317 mm and residual 
velocity of 6.7, 16.6 and 19.1 m/s, corresponding to the impact velocity 
of 18.4, 23.2 and 28.6 m/s, respectively, as shown in Table 4. Fig. 12 (a) 
shows the failure modes of AAC_T50L_PMA. The specimen failed in a 
direct shear punch mode due to the low shear strength of AAC. Through- 
thickness cone cracking and plugging are formed, because the shear 
capacity of the panel around the high-impact stress region is exceeded 
[17]. Fig. 13 shows that the fragments and hairline cracks were gener-
ated in the vicinity of the opening at the distal face from the failure 
process captured by the high-speed camera. The projectile impact 
caused minimal panel deflection but created a 100 mm × 50 mm clear 
opening (with similar dimensions to the cross-section of projectile). 
Partial kinetic energy of the projectile was absorbed by the shear failure 
of AAC and the friction between panel and projectile. However, the 
projectile directly penetrates through the panel with a relatively large 
residual velocity, imposing great threats to people and facilities behind 
the panel. The opening created on the panel also increases the risk of 
roof lifting and wall collapsing of the building because of the combined 
external suction and internal pressures owing to wind entering the 
building from the opening. 

If the projectile impacted onto the wire intersection (WI) of steel 
mesh, all three specimens (i.e., AAC_T50L_WIA, AAC_T50L_WIB and 

Fig. 7. Photograph of testing panel.  

Fig. 8. Schematic diagram of impact location: (a) plain matrix (PM), (b) steel wire (SW) and (c) wire intersection (WI).  
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AAC_T50L_WIC) experienced the global structural response due to the 
bending of steel mesh, as shown in Fig. 12 (b) and 12 (c). When the 
impact velocity was 18.2 m/s, the projectile was rejected by the steel 
mesh with a rebound velocity of − 1 m/s but an opening was created, as 
shown in Fig. 14. The specimen experienced ‘penetration and through’ 
with the rupture of the steel mesh when the impact velocities were 23.7 
and 28.1 m/s. The opening was created with extensive cracking on the 
proximal face, which was formed by the punching shear damage and 
deformation of the steel mesh. At the distal face, the opening was 
observed and large pieces of AAC fragment were created and held by the 
steel mesh in the vicinity of the opening, indicating that the failure mode 
of the specimen was changed to global failure. Shear failure was 

initiated in the form of a punching shear plug due to the transient high- 
shear force. Thereafter, the specimen experienced deflection along with 
the deformation of steel mesh. The stiffness of the whole specimen was 
reduced due to the damage of the AAC, and the kinetic energy of the 
projectile was partially dissipated by the deformation and rupture of 
steel mesh, and the penetrated projectile still kept large kinetic energy 
with substantial residual velocity as indicated in Table 4. 

3.2.2. Failure modes of LGC_T37L 
As shown in Table 5, when the impact velocity of the projectile was 

around 18 m/s, three LGC_T37L specimens (i.e., LGC_T37L_PMA, 
LGC_T37L_SWA and LGC_T37L_WIA) experienced ‘penetration and stay’ 
failure with the penetration lengths of 340, 295 and 90 mm, respec-
tively, corresponding to different impact locations (i.e., PM, SW and 
WI). For the specimens (i.e., LGC_T37L_PMB, LGC_T37L_SWB and 
LGC_T37L_WIB) subjected to the impact velocity around 24 m/s, the 
projectile completely penetrated through the specimen. They experi-
enced similar damage mode to the specimens subjected to the projectile 
with the impact velocity of 18 m/s. For example, localized punching 
shear failure was observed in the LGC_T37L_PMA and LGC_T37L_PMB 

Fig. 9. Failure modes of specimens: (a) AAC_T50L, (b) LGC_T37L, (c) LGC_T50L 
and (d) LGC_T50S. 

Fig. 10. Load–deflection curves of all the specimens.  

Fig. 11. Equivalent diameter of the opening at the distal face.  
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specimens with the 100 mm × 50 mm rectangular opening at the 
proximal face and the enlarged opening at the distal face, as shown in 
Fig. 15 (a). The specimens provided frictional resistance to the flying 
projectile, thereby dissipating partial kinetic energy of the projectile. 
When the projectile impacted onto the steel mesh, the panel demon-
strated better performance. As shown in Fig. 15 (b), radial cracks were 
observed at both the proximal and distal faces of LGC_T37L_SWA and 
LGC_T37L_WIA, showing punching–flexural failure. The rupture of steel 
mesh was observed with the impact location at steel wire (SW) and wire 
intersections (WI) when the impact velocity of the projectile was around 
24 m/s, as shown in Fig. 16. Unlike the cases with impact velocity about 
18 m/s, the impact kinetic energy was only partially dissipated by the 
punching shear and flexural damage of the specimen and the deforma-
tion of the steel mesh as the penetrated projectile still had a large 

residual velocity. 

3.2.3. Failure modes of LGC_T50L 
Table 6 summarises the experimental results of LGC_T50L. When the 

projectile impacted onto the plain matrix (PM) and steel wire (SW), five 
LGC_T50L specimens experienced similar deformation and damage 
profiles with different levels, that is, a rectangular opening with similar 
dimensions to the cross-section of projectile (i.e., 100 mm × 50 mm) at 
the proximal and an opening with radial cracks at distal face, as shown 
in Fig. 17 (a) and 17 (b). The extensive radical cracks in the vicinity of 
the opening were observed at the distal face during the failure process, 
as shown in Fig. 18. When the impact velocity was around 18 m/s, the 
projectile penetrated and stayed in the specimen LGC_T50L_PMA with 
the penetration length of 243 mm, while the projectile was rejected by 

Table 4 
Testing scheme and results of AAC_T50L.  

No Specimen Vo (m/s) Impact location Results Vr (m/s) PL (mm) Damage 

Opening Mesh Deq (mm) 

1 AAC_T50L_PMA  18.4 PM PT 6.7 – Yes – 277 
2 AAC_T50L_PMB  23.2 PM PT 16.6 – Yes – 281 
3 AAC_T50L_PMC  28.6 PM PT 19.1 – Yes – 317 
4 AAC_T50L_WIA  18.2 WI R − 1 – Yes Deform 381 
5 AAC_T50L_WIB  23.7 WI PT 11.4 – Yes Rupture 407 
6 AAC_T50L_WIC  28.1 WI PT 17.2 – Yes Rupture 439 

Note: Vo = projectile striking velocity, Vr = projectile residual velocity, PM = plain matrix, WI = wire intersection, PT = penetration and through, R = Rebound, PL =
penetration length, “-”: not applicable. 

Table 5 
Testing scheme and results of LGC_T37L.  

No Specimen Vo (m/s) Impact location Results Vr (m/s) PL (mm) Damage 

Opening Mesh Deq (mm) 

1 LGC_T37L_PMA  18.5 PM PS 0 340 Yes – 202 
2 LGC_T37L_PMB  23.9 PM PT 15.1 – Yes – 206 
3 LGC_T37L_SWA  18.8 SW PS 0 295 Yes Rupture 198 
4 LGC_T37L_SWB  24.3 SW PT 12.6 – Yes Rupture 224 
5 LGC_T37L_WIA  18.4 WI PS 0 90 Yes Deform 239 
6 LGC_T37L_WIB  24.1 WI PT 10.2 – Yes Rupture 194 

Note: SW = steel wire, PS = penetration and stay. 

Table 6 
Testing scheme and results of LGC_T50L.  

No Specimen Vo (m/s) Impact location Results Vr (m/s) PL (mm) Damage 

Opening Mesh Deq (mm) 

1 LGC_T50L_PMA  18.5 PM PS 0 243 Yes – 251 
2 LGC_T50L_PMB  23.6 PM PT 10.28 – Yes – 271 
3 LGC_T50L_SWA  18.4 SW R − 0.9 – Yes Deform 265 
4 LGC_T50L_SWB  23.8 SW PT 7.95 – Yes Rupture 273 
5 LGC_T50L_SWC  28.5 SW PT 14.87 – Yes Rupture 297 
6 LGC_T50L_WIA  18.8 WI R − 1 – Yes Deform 279 
7 LGC_T50L_WIB  24.3 WI PS 0 129 Yes Deform 298 
8 LGC_T50L_WIC  28.2 WI PT 11.32 – Yes Rupture 312  

Table 7 
Testing scheme and results of LGC_T50S.  

No Specimen Vo (m/s) Impact location Results Vr (m/s) PL (mm) Damage 

Opening Steel mesh Deq (mm) 

1 LGC_T50S_SWA  18.4 SW PS 0 80 Yes Rupture 254 
2 LGC_T50S_SWB  23.4 SW PT 7.3 – Yes Rupture 279 
3 LGC_T50S_SWC  28.6 SW PT 13.2 – Yes Rupture 250 
4 LGC_T50S_WIA  18.5 WI R − 0.8 – Yes Deform 266 
5 LGC_T50S_WIB  24.5 WI R − 1.3 – Yes Rupture 285 
6 LGC_T50S_WIC  27.9 WI PT 12.8 – Yes Rupture 302  
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Fig. 12. Photographs of specimens: (a) AAC_T50L_PMA, (b) AAC_T50L_WIA and (c) AAC_T50L_WIC.  

Fig. 13. Typical failure process of AAC_T50L at distal face.  
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the specimen LGC_T50L_SWA. The projectile with the impact velocity of 
around 23 m/s penetrated through the specimens LGC_T50L_PMB and 
LGC_T50L_SWB with the rupture of steel mesh. As shown in Fig. 17 (c), if 
the projectile impacted onto the wire intersection (WI), the specimens 
failed due to global failure with extensive radial cracks at both proximal 
and distal faces. The opening was created by scabbing fragments in the 
impact location at the distal face, and a large piece of LGC was attached 
to the steel mesh. The specimen failed in flexural–punching mode, 
indicating that more kinetic energy of the projectile was dissipated. As 
given in Table 6, for the impact velocity around 18 m/s, the projectile 
created an opening but was rejected by the wire intersection 
(LGC_T50L_WIA). The projectile with impact velocities of 24 and 28 m/s 
resulted in ‘penetration and stay’ with the penetration length of 129 mm 
(LGC_T50L_WIB) and ‘penetration and through’ with the rupture of steel 
mesh (LGC_T50L_WIC), respectively. 

3.2.4. Failure modes of LGC_T50S 
All LGC_T50S specimens experienced punching–flexural failure. As 

shown in Fig. 19 (a) and 19(b), the rectangular opening (i.e., 50 mm ×
100 mm) and circular opening with radial cracks were observed at the 
proximal and distal faces, respectively. The projectile impacted onto the 
steel mesh, causing deformation of steel mesh and cracking in a wider 
area. When impacting onto steel wire (SW), the projectile with the 
impact velocity of 18.4 m/s penetrated and stayed in the specimen with 
the penetration length of 80 mm. The projectile’s kinetic energy was 
partially dissipated by the friction resistance after the penetration and 
rupture of the steel mesh. The projectile penetrated through the speci-
mens when the impact velocity increased to 23.4 and 28.6 m/s. In 
addition, it is worth noting that the wire intersection (WI) rejected the 
projectile under impact velocities of 18.5 and 24.5 m/s. The steel mesh 
spacing less than the cross-section projectile improved the chance of the 
projectile striking the steel mesh, indicating that the projectile can be 
effectively intercepted by the steel mesh with smaller spacing. 

Fig. 14. Rebound of the wooden projectile of specimen AAC_T50L_WIA.  

Fig. 15. Photographs of specimens: (a) LGC_T37L_PMA and (b) LGC_T37L_WIA.  
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4. Analysis and discussions 

In this section, the effects of matrix materials, panel thicknesses, 
reinforcement spacings and projectile velocities on the impact resistance 
performance are investigated. 

4.1. Effect of matrix material 

A comparison on the performance of AAC and LGC panels with the 
same configurations revealed that the LGC panels have better penetra-
tion resistance capacity than AAC panels because LGC has higher 
strength than AAC and larger inertial resistance to projectile impact 
because LGC panel is heavier than AAC panel. For example, under the 
similar impact scenarios, the projectile penetrated and stayed in the 
specimen LGC_T50L_PMA while penetrated through the specimen 
AAC_T50L_PMA. The tensile strength of LGC was much higher than that 
of AAC, which played an essential role in resisting penetration [18,19]. 
In addition, failure modes of the panels changed due to higher toughness 
of LGC material, i.e., as shown in Fig. 20, the specimen AAC_T50L_PMA 
failed in localized punching shear mode with a clear opening at the 
distal face, but the specimen LGC_T50L_PMA experienced punching–-
flexural failure with extensive radial cracks. As observed, the Deq values 
of LGC specimens were lower than those of AAC specimens in general, 
which was due to the different mechanical properties of matrix. As given 
in Table 2, the compressive strength, modulus of rupture and modulus of 
elasticity of AAC were 4.18 MPa, 0.50 MPa and 1.18 GPa, respectively. 
LGC exhibited enhancements of 205%, 104%, and 311% in these 
properties, respectively, indicating higher toughness than AAC material, 
which leads to the enhanced structural performance. Given the similar 
input of impact energy, AAC_T50L with inferior mechanical properties 
of matrix material results in larger Deq than LGC_T50L. Consequently, 
more kinetic energy can be absorbed by the LGC panel failed in pun-
ching–flexural failure with smaller Deq under impact loads due to the 
superior mechanical properties of matrix material [57–59]. In addition, 
when the projectile struck the steel mesh, the AAC_T50L specimens 
experienced more severe damage than the LGC_T50L specimens, which 
might lead to structural failure due to the decreased stiffness of the 
whole panel. The opening diameter of the AAC_T50L_WIA specimen was 
439 mm at the distal face, which was much larger than that of the 
LGC_T50L_WIC specimen (312 mm). 

It is worth mentioning that the LGC_T37L specimens with the same 
reinforcement configurations but smaller panel thickness showed better 
performance in resisting the projectile impacts than AAC_T50L speci-
mens of the same weight under the similar impact scenario. For 
example, when the impact location was the plain matrix, the projectile 
with the impact velocity of 18 m/s penetrated through the specimen 
AAC_T50L_PMA, whereas it penetrated and stayed in the specimen 

LGC_T37L_PMA with the penetration length of 340 mm. In addition, 
when the projectile impacted onto the wire intersection, the opening 
size of LGC_T37L was smaller than that of AAC_T50L; the opening 
diameter of LGC_T37L specimens ranged from 210 mm to 239 mm, 
which was much smaller than that of AAC_T50L specimens (i.e., 400 
mm). The higher penetration resistance capacity was mainly attributed 
to the higher LGC material strength, although its thickness was less than 
that of AAC panels. 

4.2. Effect of panel thickness 

The LGC_T37L and LGC_T50L specimens had the same reinforcement 
configurations but different panel thicknesses. As expected, a compari-
son of the testing results revealed that LGC_T50L had similar failure 
modes to LGC_T37L but better impact resistance capacity. For instance, 
when impacting onto the plain matrix at the impact velocity of 18 m/s, 
the projectile penetrated the specimen LGC_T50L_PMA by 243 mm, and 
it penetrated the specimen LGC_T37L_PMA by 340 mm. This result was 
attributed to more kinetic impact energy dissipated by the thicker panel. 
The panel thickness was found to have a significant effect on the impact 
resistance capacity and peak impact force in a previous study on RC 
panels under impact load [60]. The opening size at the distal face Deq 
had a reverse relation to the thickness of the panels. For example, Deq of 
LGC_T50L_PMB was 271 mm, whereas that for LGC_T37L_PMB was 206 
mm. A similar observation was also reported in a previous study on the 
impact response of the RC panels [61]. This is because the projectile can 
perforate a thin panel with less resistance from the panel and cause 
primarily localized damage, resulting in larger penetration distance or 
larger residual velocity, while the perforation resistance from a thicker 
panel is larger, which causes larger global response and spalling damage 
to the panel. In addition, when impacting on the steel wire at the impact 
velocity of 18 m/s, the projectile was rejected by LGC_T50L_SWA and 
LGC_T50L_WIA, whereas it penetrated LGC_T37L_SWA by 340 mm and 
LGC_T37L_WIA by 295 mm at a similar impact velocity. Thus, with the 
increased thickness, the perforation resistance capacity increased due to 
the higher shear and flexural strength of the panel, especially when the 
projectile impacted onto the steel mesh. 

4.3. Effect of reinforcement spacing 

To study the effect of steel mesh spacing on the performance of the 
specimens subjected to windborne debris, the specimens LGC_T50L and 
LGC_T50S with the same thickness and reinforcement ratio were tested 
and compared. The projectile rebounded by the specimen 
LGC_T50S_WIB but penetrated the specimen LGC_T50L_WIB with the 
penetration length of 129 mm. Additionally, the specimen 
LGC_T50L_WIB experienced more severe damage than the specimen 

Fig. 16. Photographs of distal face of specimens: (a) LGC_T37L_SWB and (b) LGC_T37L_WIB.  
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Fig. 17. Photographs of specimens: (a) LGC_T50L_PMB, (b) LGC_T50L_SWB and (c) LGC_T50L_WIB.  

Fig. 18. Typical failure process of LGC_T50L at distal face.  
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LGC_T50S_WIB. LGC_T50L_WIB failed in flexural–punching mode with 
large pieces attached to the steel mesh, whereas only opening and fewer 
radial cracks were observed in LGC_T50S_WIB. The opening diameter of 
LGC_T50S was smaller than that of LGC_T50L in a similar impact sce-
nario. The deformability of the panel was enhanced by using the steel 
mesh with close spacing [27]; therefore, more impact energy could be 
dissipated in the form of panel deformation. Thus, denser steel mesh 
with a constant reinforcement ratio can significantly improve the impact 
resistance of reinforced lightweight panels. 

4.4. Effect of projectile velocity 

To investigate the performance of the panels under various impact 

velocities, three projectile velocities (i.e., 18, 23 and 27 m/s) were 
considered, corresponding to the designed VR in regions A, B and C 
defined in AS/NZS 1170.2:2021 [14]. As expected, the specimen sub-
jected to higher impact velocity experienced more severe damage. For 
the impact velocity of around 18 m/s, the projectile stayed in or 
rebounded from all the LGC panels with different configurations, 
whereas only AAC_T50L_WIA survived the projectile impact. For the 
impact velocity of 23 m/s, the projectile was only rejected by LGC panels 
when impacting on the wire intersection WI. For the impact velocity of 
around 27 m/s, the projectile penetrated through all the tested AAC and 
LGC panels. For the specimen with the thickness of 50 mm, the size of 
scabbing at the distal face increased with the increase of projectile ve-
locity. For instance, Deq of the specimen LGC_T50L_SWA was 265 mm, 

Fig. 19. Photographs of specimens: (a) LGC_T50S_SWB, (b) LGC_T50S_WIA and (c) LGC_T50S_WIB.  
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and it increased to 297 mm for the specimen LGC_T50L_SWC. For the 
specimen with the thickness of 37.5 mm, no significant change was 
observed in the opening size at the distal face; Deq of LGC_T37L_PMA was 
202 mm, and it was 206 mm for LGC_T37L_PMB because the projectile 
perforated these thin panels without causing pronounced global panel 
response. In addition, with the increase of the impact velocity, the steel 
mesh experienced damage from large plastic deformation to rupture 
when the projectile impacted on the wire intersection. For example, 
LGC_T50L_WIA subjected to impact velocity of 18.8 m/s experienced 
bending deformation of steel mesh, whereas LGC_T50L_WIC subjected to 
impact velocity of 28.2 m/s experienced rupture of steel mesh. 

5. Conclusion 

In this study, AAC panels and LGC panels were investigated under the 
quasi-static punching shear test and windborne debris impact test. The 
results showed that LGC panels outperformed the commercially avail-
able AAC panels in resisting static and debris impact loads, indicating 
the potential applications of this panel made of sustainable material in 
construction. In particular, it was found that:  

1) The LGC panels demonstrated better performance than AAC panels 
because of their higher material strength. Under projectile impact, 
AAC panels suffered mainly direct perforation failure because of 
their low shear resistance, while LGC panels suffered mainly com-
bined shear and flexural failure. When the projectile penetrated 
through the LGC panels, the residual velocities were lower than those 

after penetrating through the AAC panels because of the higher shear 
resistance of LGC panels. 

2) Using the dense reinforcement mesh in structural panels can signif-
icantly enhance their penetration resistance capacity even though 
the reinforcement ratio is unchanged.  

3) None of the tested panels met the design requirement to resist 
windborne debris impact in strong wind regions as specified in AS/ 
NZS 1170.2:2021, although LGC panels performed better than the 
AAC panels. For the application of LGC panels in strong wind regions, 
strengthening measures need to be made to enhance the impact 
resistance capacity of the panel by increasing the thickness, 
increasing the reinforcement ratio, attaching FRP sheets on the 
panel, or a combination of these measures. All these strengthening 
measures mean increasing the cost and weight, therefore, a system-
atic study needs be carried out in the future for the applications of 
LGC panels in strong wind regions. 
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