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A B S T R A C T   

Fibre reinforced polymer (FRP) composites could be an alternative of traditional materials for 
modular construction due to their superior strength to weight ratio, corrosion resistance and 
immunity from biological degradation. This paper investigates the in-plane shearing behaviour of 
full-scale modular wall system made from all glass FRP (GFRP) rectangular hollow section (RHS) 
frames and GFRP sheathing. Monotonic in-plane shear load was applied to understand the effect 
of important parameters such as sheathing height offset from bottom of wall panel, wall opening, 
customised angle brackets for additional shear resistance, and comparison between single and 
double frame wall system. The results show that the wall panel with 10 mm sheathing offset from 
bottom deformed under shear and avoided high compression stress with significant higher 
loading capacity than panel with full sheathing. The stiffness of wall panel with opening can be 
estimated from the wall opening ratio of opening to total wall area. Furthermore, the installation 
of customised angle brackets can improve the loading capacity and stiffness of the wall panel. 
Finally, high height-to-width panel aspect ratio increased the loading capacity but reduced the 
overall panel stiffness in both single and double wall panels. Overall, this study presented that the 
structural parameters alter the ultimate failure modes which increased the overall loading ca-
pacity and impacted the panel stiffness.   

1. Introduction 

Modular construction is increasingly adopted in industry nowadays, with a few major benefits of high quality, quick construction, 
and lower cost of construction over traditional on-site constructions [1–5]. Ferdous et al. [1] presented a number of examples of 
modular systems for two- to 44-storeys high buildings, wherein timber, steel, concrete and their hybrid materials are used as 
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construction material. Whereas, researchers proposed to utilise the glass fibre reinforced polymer (GFRP) composites over the con-
ventional construction material due to the superior physical properties such as high strength to weight ratio, immunity to corrosion, 
immunity to pest decay and biological decay [6,7]. The applications of GFRP as reinforcement in concrete [8,9], strengthening of 
masonry walls [10,11] and repairing of existing structures [12,13] are widely investigated. In building construction, walls may be 
subjected to compression, bending and in-plane shear load for example caused by dead load and wind. While the applications of GFRP 
panels under axial compression [14,15] and flexural loading are explored in literature [16–19], the effect of in-plane shear load on all 
composite wall panels is not well understood and requires more investigations for their potential and safe application. 

The behaviour of modular composite wall systems under in-plane shear was studied in [20], where adhesively bonded frames were 
developed for in-plane shear load, with full length sheathing composite panel connected from bottom plate or full height tie down 
bolts. It was found that the failure was initiated by the diagonal cracking in magnesium oxide (MgO) board in both panels. Under shear 
load, the far side of panel sheathing experienced compression load due to the ground contact. This phenomenon may intensify the 
stress in sheathing to cause earlier cracking in sheathing. Similar phenomenon may cause the earlier fastener bending and fastener pull 
off under in plane shear load for timber walls [21–23], tearing thin plate around fasteners [24] and local sheet buckling near to 
compression stud in steel concrete walls [25–27]. This type of failure can be avoided by shortening the length of sheathing from the 
bottom in composite shear wall. It is important therefore to understand the effect of sheathing height offset from the bottom of wall 
panel under in-plane shear load. 

Wall openings are found as an important feature in building structures and also reduces the stiffness and introduces stress con-
centration at edges [28]. A number of studies has been conducted on in-plane shear behaviour on traditional wall panels with 
openings, where it is reported that inclined shear cracking at corner is a common failure behaviour in timber [29,30] and concrete [31, 
32] shear walls due to high stress concentration at opening corners. However, Husain [33] mentioned that use of fibre composites in 
retrofitting at wall openings helps to increase the loading capacity of the wall panel but has a minor effect on the wall stiffness. Very 
few studies were conducted for in-plane shear behaviour on composite wall systems manufactured by full pultruded panel section [34]. 
This can limit the development of such composite wall system for modular construction. Therefore, wall systems made of assembly of 
multiaxial pultruded GFRP rectangular hollow section (RHS) adhesively bonded to GFRP sheathing may be of interest and their 
performances under in-plane shear load with and without wall openings need to be understood. 

In modular structures, connections between structural members ensure the overall structural integrity. Several studies have been 
conducted on the connections between composite frame and sheathing [14–18,35] and their failure mechanisms are explored. Under 
in-plane shear loading, however, the connection between composite wall frame members and connection between frame with other 
module or ground is very important. Angle brackets [36] and hold-down [30] are commonly used to resist shearing and uplift during 
in-plane loading respectively for timber shear walls. Application of nails in wooden wall panels also ease the fabrication and instal-
lation of angel brackets and hold downs. In all composite wall panels, however, nail application is difficult to implement and therefore 
angle brackets and hold downs are usually riveted with the frame member. In a previous study of all composite wall panels [14] under 
axial compression, it was highlighted that failure was mainly governed by the delamination of sheathing and had a minimal or 
negligible effect on riveted angle brackets because overall load was carried by the frame and sheathing. This indicates the potential 

Table 1 
Mechanical properties of the GFRP sheeting and M20 Bolts.  

Properties Test Standard GFRP Sheet RHS Profile [37] M20 Bolts  
[37]  

Avg. 
Value 

Avg. 
SD 

Avg. 
Value 

Avg. 
SD 

Avg. Value 

Longitudinal tensile strength (MPa) ISO 527–1:1995 [38] 568 1.9 686 44.2 - 
Longitudinal tensile elastic modulus 

(GPa) 
33.8 1.9 42.9 2.2 - 

Longitudinal Poisson’s ratio 0.27 0.01 0.30 0.02 - 
Transverse tensile strength (MPa) 42 1.2 47 3.9 - 
Transverse tensile elastic modulus 

(GPa) 
11.7 0.3 12.1 1.1 - 

Transverse Poisson ratio 0.13 0.03 0.15 0.07 - 
Longitudinal flexural strength (MPa) ISO 14125:199 [39] 689 0.4 - - - 
Longitudinal flexural elastic modulus 

(GPa) 
26.4 1.1 - - - 

Transverse flexural strength (MPa) 61 2.1 - - - 
Transverse flexural elastic modulus 

(GPa) 
9.1 0.1 - - - 

In-plane shear strength (MPa) ASTM D5379:1993 [40] 69 2.5 89 14.6 - 
Longitudinal interlaminar shear 

strength (MPa) 
ASTM D2344–16 [41] 37 0.9 - - - 

Transverse interlaminar shear strength 
(MPa) 

9 0.6 - - - 

Minimum tensile strength (MPa) Property class: 8.8, M20, Pitch 2.5 mm, Minor 
diameter 19.67 mm 

- - - - 830 
Proof strength (MPa) - - - - 600 
Minimum yield strength (MPa) - - - - 660 
Minimum shear strength (MPa) - - - - 514.6  
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usage of riveted angle bracket for composite wall system under compression. The applications of riveted angle brackets and hold-down 
under in-plane shear load are however not explored for shear resistance and therefore further investigation is required. Manalo [20] 
tested a double frame composite wall panels connected with shear key that helps to transfer the load from one panel to another, hence 
double frame achieved twice stiffness and loading capacity of single frame. In addition, bolted joints are convenient to join two wall 

Fig. 1. (a) Single frame (b) Panel with opening (c) Double wall frame.  
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panels together but their performance and behaviour under in-plane shear load needs to be investigated. 
In this study, GFRP composite wall panels were manufactured and tested under in-plane shear load. The novelty of this study is that 

it analyses the behaviour of key design parameters, such as effect of sheathing height from the bottom of wall panel, effect of wall 
opening in composite wall, effect of angle brackets and comparison of single and double frame composite wall under in-plane shear 
load. The results of this study may provide a better understanding of in-plane shear behaviour of modular composite wall systems with 
these key parameters for their reliable design and application. 

Fig. 2. (a), (b) and (c) Details of angle brackets used in composite wall panels (d) Anti-crush insert [43].  
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2. Experimental programme 

2.1. Materials 

A pultruded GFRP rectangular hollow section (RHS) of 100 × 75 × 5 mm was used to fabricate the main frame of the wall panels. 
The material properties of the RHS profile were taken from past research [37] where the same materials were evaluated as used in this 
study, and are listed in Table 1. Multiaxial 6 mm thick GFRP sheet was used on both sides as a sheathing for all the wall panels. The 
relevant ASTM and ISO test standards using coupon specimens were followed to evaluate the mechanical properties of the sheathing 
material and are summarised with standard deviation (SD) in Table 1. 

2.2. Specimen details 

Six full-scale wall panels were fabricated by industrial partner to maintain high quality fabrication and tested under in-plane shear. 
Stainless-steel (SS) angle brackets measuring 35 × 35 × 70 mm were used to connect the RHS studs and plates to form a main frame for 
the panels; the sheathing was adhesively bonded to the frames similar to that in Fig. 1(a) and in [14]. All wall panels were 2400 mm in 
height and single frame panels were 600 mm wide. One panel with window opening 450 mm x 1200 mm was fabricated to compare 
with full sheathed panel in Fig. 1(b). Two 450 mm wide single-frame panels were connected with M20 bolts to fabricate the 
double-frame wall panels shown in Fig. 1(c). Customised angle brackets in Fig. 2(a) and (b) are used in three wall panels as in Table 2. 
Inserts in Fig. 2(d) were provided at loading point, bolted inter-panel and bottom connections to prevent any stress concentration; the 
bolts were tightened to a torque of 20 N-m as recommended by Manalo et al. [42]. The panels are designated according to the number 
of panels (F for single frame and DF for double walls), effect of sheet offset from the bottom (S0 and S10 for full sheet and 10 mm short 
from the bottom respectively), effect of window opening (O) and effect of customised angle brackets (B2 and B4, for two or four angle 
brackets respectively). For example, specimen FS10O is a single wall with the sheathing 10 mm short from the bottom with window 
opening, while specimen FS10B2 is a single wall panel with the sheathing 10 mm short from the bottom with two customised angle 
brackets. 

2.3. Test setup and instrumentation 

All wall panels are installed upright on the UB460 steel beam by using M20 bolts and tested under monotonic in-plane shear load 
applied by 100 kN hydraulic jack from the top left corner according to the procedure in ASTM E72–05 [44] and in Fig. 3(a). Axial load 
is not considered as recommended by [45]. One full scale wall panel per parameter was tested similar to previous research [15,18,35], 
however, this may limit the repeatability of the results. Therefore, variety of instruments were attached to capture data from critical 
locations. 20 mm uniaxial strain gauges (SG) capacity were used to measure strains at the locations (see Section 3). As shown in Fig. 3 
(a), string pot is connected to the right top corner to measure lateral deflection, 30-ton capacity of load cell was attached to hydraulic 
jack to record applied load and digital image correlation (DIC) camera was used to record lateral deflection at various points of wall 
panel along the height in Fig. 3(b). Strain, load, and deflection data were recorded in a SmartStrain data logger system. Roller supports 
on both sides were provided to avoid falling and maintain the vertical alignment. 

3. Experimental results and discussion 

Failure modes of all wall panels are summarised in Fig. 4 and summary of experimental results is summarised in Table 3. In general, 
failure originated at the bottom plate with longitudinal cracking in the RHS section or delamination between the sheathing and bottom 
plate. The effects of various parameters are discussed in below sections. 

3.1. Effect of sheet offset 

The effect of sheathing offset was evaluated by comparing the FS10 (10 mm short sheathing length from the bottom plate) and FS0 
(Full panel height sheathing length). The overall results show that a higher in-plane shear capacity can be achieved by shortening the 

Table 2 
Angle bracket details.  

Panel Label Bracket-A Bracket-B Bracket-C Bracket-D 

FS0 N N N N 
FS10 N N N N 
FS10O N N N N 
FS10B2 N CB-2 CB-1 N 
FS10B4 CB-2 CB-2 CB-1 CB-1 
DFS10 N CB-2 CB-1 N  

Bracket-E Bracket-F Bracket-G Bracket-H 
DFS10 N N N N 

(N = Normal bracket), (CB-1 Customised bracket-1), (CB-2 Customised bracket-2), For more details see Fig. 2. 
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sheathing length in the wall panel at the bottom as it changed the failure behaviour of the panel. The effect of sheet offset on load 
deflection, failure behaviour and load strain behaviour are discussed in the following sections. 

3.1.1. Load deflection behaviour 
Fig. 5 shows the load deflection behaviour of FS10 and FS0 panels. The experimental results indicate that both composite panels 

exhibit similar shear stiffness but a significant difference in loading capacity can be observed. This is because the shortening of the 
sheathing height by 10 mm from bottom has a very minimal effect on the lateral stiffness of panel. Whereas it alters the failure 
mechanism from inter laminar delamination of sheet to transverse splitting of bottom RHS plate as explained in Section 3.1.3 that helps 
to eliminate premature delamination failure and consequently increase the loading capacity of wall panel. Experimental panel stiffness 
(K) is calculated by the ratio of linear portion of load deflection curve in Fig. 5 and recorded as 229 N/mm and 233 N/mm for FS0 and 
FS10 respectively. By considering wall panel as a cantilever under point load, the experimental flexural stiffness of 1.05 × 1012 N/mm2 

for both panels can be calculated by Eq. (1). However, the calculated panel flexural stiffness is 1.19 × 1012 N/mm2 by Eq. (2) and 
material properties in Table 1 corresponding 13.7% higher than experimental stiffness. This could be due to the theoretical analysis did 
not consider fabrication imperfection tolerance and/or the SD of 6–8% in material properties listed in Table 1 may have some in-
fluence. The 10 mm sheathing offset from the bottom plate in FS10 increased 1.71 times loading capacity than panel FS0. The maximum 
loading capacity of FS0 was 6.84 kN with horizontal deflection of 30.1 mm. Thereafter, no increment in load was observed and panel 
failed at 6.01 kN. Whereas FS10 reached to 11.6 kN loading capacity with horizontal deflection of 79.8 mm. Thereafter, a significant 
drop in the load can be observed. Before reaching to the peak load, both panel shows nonlinear behaviour until ultimate failure and this 
is explained in the following section. 

EI =
H3m

3
(1)  

EI = 2E
(
I +Ad2) (2)  

where E is the longitudinal modulus of elasticity in the longitudinal direction, I is the second moment of inertia in the direction of the 
applied load, H is the height of the wall panel, m is the ratio of load and deflection of linear portion of load deflection curve, A is the 
cross sectional area of RHS stud and d is the distance from centre of bottom bolt and the centroid of the RHS. 

3.1.2. Failure behaviour 
FS0 exhibits a linear elastic behaviour until 6.1 kN load and then a loud sound was heard with a minor load drop at 6.1 and 6.3 kN. 

This could be due to the initiation of delamination between bottom plate and sheathing. Upon the load was reaching at 6.8 kN, a loud 

Fig. 3. (a) Test setup (b) Marking for DIC measurement.  

A. Sharda et al.                                                                                                                                                                                                        



Case Studies in Construction Materials 18 (2023) e01819

7

sound was heard followed by major delamination between sheathing and bottom RHS plate as shown in Fig. 4(a) and this caused a 
sudden loss of 29% load in Fig. 5. Thereafter, the panel regains 18% load because of the load transferred between angle bracket (N) and 
bottom plate. Upon increasing the load, a continuous creaking sound was heard that could be due to the corner splitting of RHS bottom 
plate in Fig. 4(b) followed by the crushing of insert in Fig. 4(c) but finally at 6.0 kN the panel failed due to the rivets pull off from 
bottom plate in Fig. 4(d). On the other hand, FS10 exhibits a linear elastic behaviour until 6.9 kN load and then a cracking sound was 
heard that could be due to the initiation of cracking of insert in the bottom plate in Fig. 4(I). Thereafter decrease in the shear stiffness 
can be observed in the panel. At 8.7 kN a sudden 6.7% load drop was observed that could be due to the major crushing of insert, 
because no delamination between bottom plate and sheathing was observed similar to FS0. Then a minor increment in panel stiffness 
was observed but at 11.6 kN sudden drop in load with loud sound can be attributed by the splitting of bottom RHS plate in Fig. 4(g). 
After major crushing of the insert at 8.7 kN, the load was mainly carried by the bottom RHS plate that can be explained by the 
inundation of washer in Fig. 4(f). A minor crushing of vertical stud was also observed as shown in Fig. 4(h). 

3.1.3. Load strain behaviour 
Fig. 6(a), shows the load strain behaviour of FS10 and FS0 wall panels. SG-1 and SG-2 of both panels are attached on the vertical 

studs and exhibit a linear behaviour in tension and compression. Similar load strain slopes of SG-1 and SG-2 in both panels indicate that 
sheathing offset does not have much impact on the load distribution on vertical studs. Similarly, SG-3 and SG-4 also exhibit linear load 
strain behaviour in both panels. Whereas a minor fluctuation in SG-4 of FS10 can be seen at 8.7 kN, which could be due to the major 
cracking in inserts in Fig. 4(e), because no delamination similar to FS0 was observed. On contrary to this, SG-3 and SG-4 of FS0 show 2.3 
and 1.4 times higher strain than FS10, respectively. This indicates that in FS10 sheathing exhibits complete shear behaviour and 
deformed along with panel in Fig. 6(b). Hence, strain in SG-3 and SG-4 is recorded less than SG-1 and SG-2 due to closer location to the 
neutral axis. Whereas, in FS0 sheathing experienced combination of shear and high compression stress concentration at compression 
side bottom corner, due to contact between sheathing and UB460 in Fig. 6(c). Hence the strain in SG-3 and SG-4 of FS0 is recorded 
higher than SG-1 & SG-2. During loading, the bottom plate moved upward along with frame while the sheathing under compression 
remains stationary, therefore this phenomenon caused high shear stress concentration between the sheathing and bottom plate and 
that caused the delamination between bottom plate and sheathing in Fig. 4(a). On the other hand, in FS10 due to the stress concen-
tration at anchor bolts, the bottom of RHS plate deformed into transverse splitting of matrix as shown in Fig. 4(g). Overall, reduction in 
the sheathing length significantly improved the in-plane shear performance of the panel by avoiding premature failure. 

3.2. Effect of wall openings 

The effect of wall opening is evaluated by comparing the FS10 (without opening) and FS10O (with opening). The overall results 
show that the shear stiffness can be estimated from the percentage area removed for the wall opening. The effects of wall opening on 
load deflection, failure behaviour and load strain behaviour are discussed in the following sections. 

3.2.1. Load deflection behaviour 
In Fig. 7, panels FS10 and FS10O exhibit linear behaviour until 6.7 kN and 5.8 kN respectively. The shear stiffness of FS10 and FS10O 

is calculated as 233 N/mm and 152 N/mm respectively from the linear portion of the curves. The 34.7% lower value of experimental 
shear stiffness of FS10 can be explained by the removal of 37.5% area due to the opening in the wall panels, similar reduction is also 
observed by [28]. However, Shahnewaz et al. [46] proposed that reduction on shear stiffness by wall openings can be calculated by Eq. 
(3) and the calculated stiffness of FS10O is 177 N/mm which is 14.12% over estimated. This imperfection could be due to the local 
rotation at wall opening area of panel FS10O in Fig. 7(b), which is also observed in [46,47]. Fig. 7(b) shows linear deflection behaviour 
of wall panel along panel height until 2100 mm. Thereafter, even at very low load a reduction in deflection can be observed. This 
indicates that overall panel did not deform uniformly but a local deformation around wall opening area occurred. A linear relation can 
be observed FS10 exhibited a maximum load at 11.6 kN with horizontal deflection of 79.8 mm and FS10O reached at 9.83 kN with 
horizontal deflection of 105 mm. Both panels exhibit similar linear and non-linear behaviours which are further explained in the 
following section. 

KOpening = KFull

[

1 −
ro/w

(
Ao/Aw)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

ro/w + ro
(
Ao/Aw)

√

]

(3)  

where Kopening is the shear stiffness of FS10O, KFull is the shear stiffness of FS10, ro is aspect ratio of opening, ro/w is aspect ratio of 
opening to wall (max. of opening width/wall width or opening height/wall height), A0 area of opening and Aw area of wall. 

3.2.2. Failure behaviour 
The removal of sheathing area from the panel did not affect the failure behaviour because failure is governed by the bottom plate as 

discussed in Section 3.1.3. Panel FS10O exhibits a linear elastic behaviour until 5.5 kN load compared with 6.9 kN in FS10 and then a 
cracking sound was heard that could be due to the initiation of cracking of insert in the bottom plate in Fig. 4(i). Thereafter decrease in 
the shear stiffness can be observed in the panel. At 6.7 kN, a load drop was observed that could be due to the further crushing of insert 
along with washer inundation in Fig. 4(j). Thereafter the panel sustain the shear stiffness until final failure at 9.8 kN with sudden drop 
in load and that can be explained by the splitting of bottom RHS plate in Fig. 4(j). The inundation of washer damaged the top portion of 
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Fig. 4. Failure behaviour of wall panels.  
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bottom RHS plate and intensified the crushing of insert. Thereafter concentrated load is transferred to the bottom portion of RHS plate 

which caused the final transverse splitting failure. A minor crushing of vertical stud like FS10 can also be observed in the panel FS10O in 
Fig. 4(l). Furthermore, Fig. 7(b) depicts the lateral deflection of wall panel along the height starting from the base of window opening 
to full height. A drop in deflection at 2100 mm indicates the local deformation in panel explained in Section 3.2.1. 

3.2.3. Load strain behaviour 
Fig. 8 shows the load strain behaviour of FS10 and FS10O wall panels. SG-1 and SG-2 of both panels exhibits linear tensile and 

compression strain behaviour until the ultimate failure respectively. A significant higher strain in FS0O indicates that reduction of the 
sheathing area exerted higher axial strain on the vertical studs. SG-3 and SG-4 of FS10 exhibit linear load strain behaviour until the 
failure with minor fluctuation of SG-4 at 8.1 kN due to the major crushing of insert as explained in Section 3.1.3. Whereas, SG-3 and 
SG-4 of FS10O are attached near to the bottom plate, therefore strain fluctuations after 5.7 kN can be observed due to the initiation of 
crushing of inserts. Strain in SG-3 of FS10 is recorded higher than FS10O, because SG-3 in FS10 is placed in the middle of wall panel 
where the diagonal strain is maximum in sheathing under in-plane shear load. However, RHS studs in FS0O experienced higher strain 
compared with FS10, indicating that lower sheathing area provide lower resistance to in-plane shear load. Overall, reduction of 
sheathing decreases the panel stiffness and loading capacity of the composite wall panel, but with similar failure behaviour, due to the 
significant lower transverse strength of RHS bottom plate. 

3.3. Effect of type of angle brackets 

The effect of angle brackets is evaluated by comparing the FS10 (with normal brackets), FS10B2 (with two customised brackets) and 
FS10B4 (with four customised brackets). The overall results show that the customised brackets increased the loading capacity and shear 

Table 3 
Summary of the full-scale test of composite wall panels.  

Wall panel Failure load (kN) Stiffness (N/mm) K =
ΔF
Δδ 

% Stiffness of panels to FS10 Final failure 

FS0 6.84 229 98.28 Delamination in sheathing at bottom plate 
FS10 11.66 233 100 Bottom plate transverse splitting 
FS10O 9.80 152 65.30 Bottom plate transverse splitting 
FS10B2 14.60 392 168.24 Delamination in sheathing at bottom plate 
FS10B4 15.43 386 165.66 Delamination in sheathing at bottom plate 
DFS10 19.50 1359 583.26 Delamination in sheathing at bottom plate 

Specimen designation system. 
F (Single frame), DF (Double frame), Sx (0 = full sheathing, 10 = 10 mm sheathing offset from bottom) O (Window opening), Bx (2 = two customised 
angle brackets, 4 = four customised angle brackets). 

Fig. 5. Load deflection for sheathed wall panels FS10 and FS0.  
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Fig. 6. (a) Load strain behaviour of sheathed wall panels FS10 and FS0 (b) FS10 failure mechanism (c) FS0 failure mechanism.  

Fig. 7. (a) Load deflection behaviour of FS10 and FS0O wall panels (b) DIC lateral displacement around window opening.  
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resistance of the wall panel due to the yielding of bracket before final failure. Whereas, no significant variation is observed by increase 
of the number of customised brackets, because of the failure behaviour of FS10B2 and FS10B4 governed by bottom load side angle 
bracket. The effects of fittings on load deflection, failure behaviour and load strain behaviour are discussed in the following sections. 

3.3.1. Load deflection behaviour 
Fig. 9 shows the load deflection behaviour of panels FS10, FS10B2 and FS10B4. Panels FS10B2 and FS10B4 exhibit linear behaviour 

until 14.6 kN and 15.43 kN, also with similar shear stiffness of 391 N/mm and 386 N/mm respectively based on the linear portion of 
the curves. Both panels exhibit similar stiffness and loading capacity but with 1.52 and 1.29 times higher stiffness and loading capacity 
than FS10, respectively. This indicates that the addition of customised angle brackets can contribute to the overall panel stiffness and 
loading capacity. However, similar stiffness of FS10B2 and FS10B4 panel can be due to the stiffness provided by only the load side 
bottom customised bracket. The load on loading side anchor bolt can be calculated by Eq. (4) with the consideration of the rotation of 
panel at the bottom left corner of the panel in Fig. 3(a). Bottom load side anchor bolt always experiences high reaction due to the 
applied load and the resulting high stress concentration. Therefore FS10, FS10B2 and FS10B4 panels had similar failure behaviour as 
further explained in further section. 

PxH = pxL (4)  

where P is the load applied, H is the height of the wall panel, p is load on anchor bolt and L is the distance of bolt from edge of wall 
panel. 

3.3.2. Failure behaviour 
Panel FS10B2 follows a linear behaviour until 14.6 kN thereafter, a drop in the load can be observed. This could be due to the 

enlargement of the bolt hole and bending of the angle bracket as shown in Fig. 4(m) and (n) respectively. Upon further loading, the 
continuous deformation in brackets transferred the load between sheathing and bottom RHS plate. Hence, an instant delamination can 
be observed in Fig. 4(p) at 14.1 kN. Similarly, for panel FS10B4, a load drop at 13.9 kN was observed and similar failures such as 
enlargement of bolt hole and bending of angle bracket was observed in Fig. 4(q) and (r) respectively. Finally, the panel FS10B4 failed 
due to the delamination of bottom plate in Fig. 4(t) at 15.43 kN. Whereas, in contrary to these failures, panel FS10 failed due to the 
transverse cracking in the bottom RHS in Fig. 4(h) plate as discussed in Section 3.1.2. Therefore, the addition of angle brackets in 
FS10B2 and FS10B4 panels altered the failure behaviour from transverse cracking of the bottom plate to the delamination of sheathing at 
bottom plate location. This indicates that the addition of angle brackets and insert at hold down location could increase the loading 
capacity through different failure mechanism. However, failure occurred at the bottom load side anchor bolt as shown in Fig. 4(e), (i), 
(m) and (q) in all panels. The strain behaviour of FS10B2 and FS10B4 panels are explored further and compared with FS10 in following 
section. 

3.3.3. Load strain behaviour 
Fig. 10 (a) shows the load strain behaviour of SG-1 and SG-3 of FS10, FS10B2 and FS10B4 panels. SG-1 is attached to the load side of 

the vertical stud, showing linear tensile behaviour. Similarly, SG-3 is attached on the sheathing, with linear tensile behaviour until final 
failure. Thereafter, reversion in strain can be observed with decrease in load. The minor strain fluctuations in SG-1 and SG-3 in FS10 
were due to the local failures as explained in Section 3.1.2. In Fig. 10 (b), SG-2 is attached to the compression studs and follows a linear 
compression behaviour. Similarly, SG-4 is attached on the sheathing and showed linear compression behaviour until the final failure. 
Overall, the load strain behaviour indicates that regardless the type and quantity of angle brackets, FS10, FS10B2 and FS10B4 panels have 
similar trends in terms of stain. FS10B2 and FS10B4 present similar strain level, loading capacity and failure behaviour, highlighting the 
possibility of use one set of customised angle bracket to achieve high loading capacity. 

Fig. 8. Load strain behaviour of FS10 and FS0O wall panels.  
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3.4. Double wall and single wall panel 

The effect of wall width is evaluated by comparing DFS10 (double wall panel) and FS10B2 (Single wall panel with two customised 
brackets). The overall results show that double frame has higher panel stiffness but lower loading capacity per unit width. This is due to 
the high load transfer on load side anchor bolt due to the wider panel. 

3.4.1. Load deflection behaviour 
In Fig. 11 (a), panels DFS10 exhibits linear behaviour until 20.5 kN corresponding to a horizontal deflection of 19.8 mm. Then a 

sudden drop of 67% load was observed due to the initial failure explained in following section. Thereafter a linear increment in load 
was observed due to the load carried by angle brackets until final failure at 19.5 kN and 92 mm horizontal deflection. Whereas, FS10B2 
presents loading capacity of 15.2 kN with a horizontal deflection of 58.1 mm. Fig. 11 (b) shows the normalised loading capacity of both 
panels by dividing the width of the wall panel. It is clear from the graph that the normalised loading capacity of single wall panel is 
higher than the double wall because higher panel width exerts higher load on the load side hold-down bolt. Whereas, double panel 
exhibits 2.6 times higher shear stiffness than single panel as shown in Fig. 11 (b). Because single panel FS10B2 has high aspect ratio of 
4:1 (height:width ratio) and has a tendency to deform under the rigid body rotation as explained by [48]. The failure behaviour of such 
panels is further explained in the following sections. 

3.4.2. Failure behaviour 
Panel DFS10 follows a linear behaviour until 20.5 kN; thereafter, a significant drop in the load can be observed. This was due to the 

delamination of bottom RHS plate in Fig. 4(u). At 26 mm deflection, the panel started regaining the load because even after the 
delamination of bottom plate in Fig. 4(u), the hold-down contributed in carrying the load until reaching 19.5 kN load with lateral 
deflection of 75 mm. Thereafter until 92 mm no load increment was observed, indicating the yielding in rivets, and causing the final 
failure due to the rivets pulled off from the vertical plate in loading side and from the bottom of normal bracket in compression side of 
panel (as shown in Fig. 4(w) and (y) respectively). FS10B2 also shows the similar failure behaviour except of rivet pull off as discussed in 
Section 3.3.2. The load strain behaviour of both panels is discussed in the following section. 

3.4.3. Load strain behaviour 
Fig. 12, presented the load strain behaviour of DFS10 and FS10B2 wall panels. SG-1, SG-3 and SG-5 presented linear tensile 

behaviour and SG-2, SG-4 and SG-6 presented linear compression behaviour until final failure. SG-1 shows 2.7 times higher tensile 
strain in FS10B2 than DFS10, supporting the reduction of stiffness at similar level of 2.6 times as discussed in Section 3.4.1. Whereas SG- 
2, SG-3 and SG-4 showed 1.6, 1.9 and 2.9 times higher strain in FS10B2 than DFS10. Such variations could be due to the location of strain 
measurements as a result of variation in width of both panels. However, in panel DFS10 higher strain in SG-5 than SG-3 can be 
explained as the second panel P-2 in Fig. 12 provided lateral movement resistance to first panel P-1. Therefore, lower displacement 
exhibits lower strain in SG-3 of P-1. Similarly, SG-4 recorded lower strain than SG-6 in panel DFS10. 

4. Conclusion 

The structural performance of composite wall panels under in-plane shear load was evaluated in this paper. The effects of sheathing 
height offset, presence of wall opening, types of angle brackets at frame corners and number of wall panel (single and double) were 
clarified. Based on the experimental investigation, the following conclusions can be drawn. 

Fig. 9. Load deflection behaviour of FS10, FS10B2 and FS10B4 wall panels.  
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• The sheathing offset (10 mm from the bottom) enhanced the loading capacity of the composite wall panel as it avoided the 
additional compression stress in the sheathing and transferred most of the load to the pultruded FRP sections. Panels with full 
sheathing experienced stress concentration resulting in premature delamination failure at the bottom plate. No variation on shear 
stiffness was observed in both sheathing configuration.  

• The presence of window opening reduced the loading capacity and shear stiffness of the composite wall panel. The decrease in 
strength and stiffness is directly proportional to the ratio of wall opening to total area of the wall. This can be reliably calculated by 
the empirical formula considering the aspect ratio of window opening to wall modules.  

• The provision of customised angle brackets at the corners of FRP frame increased the loading capacity and stiffness of composite 
wall systems. However, the number of customised brackets has insignificant effect on the loading capacity, stiffness and failure 
behaviour. Two customised brackets provided in diagonal corners are sufficient in improving the in-plane shear behaviour.  

• The loading capacity per unit width of single panel is marginally higher than the double wall panel. The stiffness of double wall is 
2.6 times higher than the single wall panel, because of its tendency to deflect with higher deflection caused by rigid body rotation. 

The experimental results obtained from this study indicates that composite wall system may be considered as an alternative ma-
terial for modular construction. However, a detailed comparative study between GFRP composite and other conventional material wall 
system should be considered for future research. A careful attention should however be given to the fabrication of wall panels and 
connection details to maximise the utilisation of high strength properties of the GFRP materials. 
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