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Abstract: 

Composite sandwich panels were manufactured by gluing plywood skins to either bamboo 
rings to produce Bamboo Core Sandwich (BCS) panels or to peeler core rings to produce Peeler 
Core Sandwich (PCS) panels. Single and double core layer panels were made. The optimum 
adhesive spread rate was identified through conducting shear bond tests. The manufactured 
panels were physically tested in standard bending (using four-point) and shear (using three-
point) tests. Results were compared to the test results of conventional Cross-laminated Timber 
(CLT) panels with almost similar depth. Under bending action, both the BCS and PCS panels 
showed tensile failure in the plywood, while the plywood in compression exceeded its plastic 
limit at the ultimate load. In shear, BCS panels failed due to the loss of shear interface contact 
between bamboo core rings and the plywood skins, whereas PCS panels showed local 
indentation/ bond failure between the peeler core rings and the plywood skins. No significant 
improvements were observed in the double-layer panels compared to single-layer panels in 
bending. However, in shear, double-layer panels showed more consistent capacities. One PCS 
panel with thicker plywood skins and less peeler core rings (PCS-TH) was manufactured, and 
was shown to achieve 0.77 times the bending stiffness-to-weight ratio of the commercial CLT 
panel. Reduced weight, lower material costs, ease of manufacturing and usage of 
sustainable/waste products, make the proposed sandwich panels a potential alternative for CLT 
in terms of structural performance. Moreover, the proposed peeler core sandwich panels 
displayed better ductile performances in bending and shear compared to CLT suggesting it 
could be a preferred product choice in some building applications. 
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Cross-laminated timber (CLT); Timber sandwich composites; Bamboo core; Mass-timber; 
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1. INTRODUCTION 

Sandwich panel structures with high stiffness-to-weight and strength-to-weight ratios, are 

preferred to conventional systems in the aerospace, automobile and ship industries. However, 

structural applications of sandwich panels in civil engineering remains very limited due to the 

usage of core materials with low mechanical properties [1]. Typically, a sandwich panel is 

fabricated by attaching two thin and stiff skins to a light-weight thick core. Common skin 

materials are steel [2], fibre reinforced composites [3] and less frequently reinforced concrete 

[4]. Typical core materials include balsa wood [5], polymeric and metallic foams [6, 7], fibre 

reinforced polymer (FRP) [8] and metallic alloys [9]. By combining different skins and core 

materials with varying geometries, an optimum design can be produced for a specific 

application. 

With the recent global trend towards mid-rise to high-rise timber buildings, more attention is 

given to light-weight, cost-effective and sustainable wood products. Existing mass timber 

buildings commonly use Cross-Laminated Timber (CLT) floor diaphragms and load-bearing 

walls [10]. A CLT panel is comprised of an odd number of orthogonally bonded layers of solid 

sawn lumbers, which are bonded using adhesive, nails or wooden dowels [11]. The orthogonal 

orientation of layers in CLT results in excellent in-plane and out-of-plane strength, rigidity, 

and stability characteristics. However, this specific orientation under out-of-plane loading 

shows significant planar (rolling) shear deformations because, in the radial-tangential (RT) 

plane, wood has a relatively low shear modulus. To address this issue, many studies have been 

performed, including the measurement of the planar shear properties [12], improvement of the 

planar shear properties [13] and evaluation of the effects of CLT configuration and 

manufacturing parameters on the shear and bending properties of CLT [14-17]. 

A smart combination of materials in composite construction is a way to minimize the use of 

resources, therefore reducing the environmental impact of the building construction process. 

Existing composite systems used in slab and load-bearing walls typically use a combination of 

steel/concrete [18], timber/concrete [19, 20], timber/timber [21], steel/timber [22] or other less 

common mixes of materials. Over the past decade, Timber/Concrete Composite (TCC) and 

Steel/Timber Composite (STC) floors have found extensive applications [19], mainly because 

of the lower cost of construction and maintenance compared with conventional reinforced 

concrete and steel systems. The possible inconveniences of TCC floors are the required curing 

time, inherent self-weight and limited number of prefabricated solutions [23]. Therefore, 

timber composites and steel/timber composite systems, in which concrete is replaced by 
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engineered wood products such as CLT or Laminated Veneer Lumber (LVL) have attracted 

more attention [24]. More recently, bamboo has been the focus of engineering research due to 

its high stiffness-to-weight ratio and fast growth. The inherent variability in the geometric and 

mechanical properties, and the lack of standardisation lead to prohibitive use of bamboo for 

mainstream construction [25]. However, engineering wood products such as Laminated 

Bamboo Lumber (LBL) can be manufactured by gluing together bamboo material in various 

forms (e.g., strands or mats) to form rectangular boards similar to lumbers [26-28]. 

Most structural sandwich panels have inner core of low transverse stiffness and strength (such 

as balsa wood and light weight foam core), which makes the panels vulnerable to a number of 

different failure modes under bending actions. These include buckling or wrinkling instability, 

delamination of the skins from the core, core shear failure and localized punching or flatwise 

crushing of the core [29, 30]. Since the failure mode is heavily dependent on the core material 

and configuration, a great deal of research has been conducted to enhance the core’s mechanical 

performance, for example, by using high density PU foam core, hybrid core concept, stitched 

core, Z-pinning technique or web core technique [31-33]. Regardless, in comparison to the 

conventional sandwich composites, these processes appear technically complex to 

manufacture. 

The current study aims to investigate appropriateness of composite timber sandwich panels 

made by combining existing commercial wood products with affordable and sustainable local 

timber and wood waste, to manufacture sandwich panels for construction purposes. To do so, 

sandwich panels are made using commercial plywood as skins, and bamboo or peeler core 

rings. Bamboo is used in the core of the proposed sandwich panel due to its local availability 

in Australia, outstanding stiffness-to-weight ratio, and its rapid harvest (3-4 years from the time 

of planting). The peeler core rings are sourced from the unused log core that remains after 

rotary peeling for veneer production [34]. This Bamboo Core Sandwich (BCS) panel and the 

Peeler Core Sandwich (PCS) panel (Fig. 1) concept has been previously examined for their 

theoretical flexural performances, using numerical methods [35, 36]. The current paper aims 

to investigate the bending and shear performances of the novel sandwich panels, 

experimentally, and to compare the results with those of CLT panels with almost similar depth. 

To do so, four-point bending and three-point shear tests are conducted on the sandwich panels 

and the CLT panels. The experimental results are interpreted using analytical equations. 

2. PANELS AND MANUFACTURING 
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2.1 The panels 

Two types of panels, Bamboo Core Sandwich (BCS) and Peeler Core Sandwich (PCS) panels, 

each in single-layer and double-layer core configurations as shown in Fig. 1, were 

manufactured. In single-layer panels (BCS-S and PCS-S), a single layer core of 70 mm was 

sandwiched between two 7.2 mm thick structural plywood skins. In double-layer panels (BCS-

D and PCS-D), a core of two layers of 32 mm thick separated by a thin layer of plywood (4 

mm thick), was sandwiched between two 7.2 mm thick plywood skins. The structural plywood 

laminates were commercially available and were manufactured to Australia/New Zealand 

Standard [37] from softwood veneers of plantation pine (Pinus radiata). The selected plywood 

IDs were 7-24-3 (Stress grade F8) and 4-14-3 (Stress grade F8) [37]. The numbering sequence 

in the ID gives the nominal plywood thickness, the outer (or face) veneer thickness multiplied 

by 10, and the number of plies in the assembly. For example, plywood ID 7-24-3, describes a 

7 mm thick plywood, with 2.4 mm thick outer veneers, and a total number of 3 veneer layers. 

To investigate the effect of skin thickness on the sandwich performance, single-layer PCS 

panels with thicker plywood skins were manufactured, labelled as PCS-TH (Fig. 1). In this 

panel, two plywood skins 21 mm thick (ID 21-24-9 Stress grade F14) were separated by a 

single layer peeler core of 42 mm thickness. In order to reduce the total weight of the PCS-TH 

panel, a 50 mm gap between individual peeler cores was considered in perpendicular to the 

span direction (b) along the panel (Fig. 1). To provide comparison, a commercially available 

CLT panel, CL3/75 was selected and purchased from XLam CLT products [38]. The CL3/75 

has three layers of solid sawn boards with a layup of 20/35/20.  The two outermost layers (20 

mm) are aligned along the major axis, and the middle layer (35 mm) are perpendicular to the 

major axis, as shown in Fig 1. 

2.2 Manufacturing 

Fabrication process of the BCS and PCS panels is illustrated in Fig. 2. The structural plywood 

laminates were delivered in sheets of 2,400 mm × 1,200 mm. To fabricate the panels, peeler 

cores and mature Moso bamboo (Phyllostachys Pubescens) culms were cut into rings with 

nominal heights of 70 mm and 32 mm in the single and double-layer panels, respectively, and 

42 mm in the PCS-TH panel. Bamboo rings were obtained from the bottom, middle and top 

part of node-less bamboo culms. The bamboo rings had an average diameter of 100±20 mm 

and a wall thickness of 10±2 mm. The peeler cores used had an average diameter of 133 mm. 

The bamboo and peeler core rings were stored in a conditioning chamber until an equilibrium 

moisture content of between 8% and 12% was achieved for manufacturing stage. The peeler 
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core was kept in solar timber drying kiln prior to cutting phase, then kept in 12% MC 

conditioning chamber for 2 weeks before manufacturing the panels. The bamboo culms were 

kept in 12% MC conditioning chamber for 2 weeks prior to manufacturing phase. The moisture 

content of the core rings was measured using a moisture-meter. 

To manufacture the BCS panels, a timber frame with dimensions slightly smaller than the 

aspired panel dimensions was made, (Fig. 2c). The timber frame was filled with the bamboo 

rings, adjusting the arrangement such that to keep the bamboo rings packed as closely as 

possible. The timber frame was not required for manufacturing the PCS panels due to less 

dimension variations in peeler cores. The adhesive used for the bonding of the plywood skins 

and core layers was one-component PUR pre-polymer (Jowapur 686.70) with a spreading rate 

of 180 g/m2 and 540 g/m2 for the BCS and PCS panels, respectively. A higher spread rate was 

applied for manufacturing the PCS panels due to increased contact surface area and higher 

expected absorption of glue by peeler core fibres in its major direction. Prior to adhesive 

application, the plywood surface was moistened with a light water spray. Then, the peeler core 

rings or the timber frame packed with bamboo rings were placed on top of the plywood skin, 

which was cold pressed at a pressure of 0.8 MPa, for a period of 120 min (Fig. 2d). Prior to 

manufacturing the second side of the panels, the first side was passed through the belt sander 

to make the core heights (either bamboo or peeler) even, as shown in Fig. 2e. After 

manufacture, the BCS and PCS panels were kept in the open air under ambient conditions for 

24 hours. 

In total, eight sandwich panels with length of (L=2,400 mm), width of (b=1,200 mm) and 

nominal depths of (h=85 mm) were manufactured. These include: two BCS-S, one BCS-D, 

three PCS-S, one PCS-D and one PCS-TH panel. The panels were cut in the format shown in 

Fig. 3. From each manufactured panel (with dimensions of 2,400 mm × 1,200 mm × 85 mm), 

one test sample for four-point bending test (with dimensions of 2,300 mm × 450 mm ×85 mm) 

and two test samples for three-point shear test (with dimensions of 600 mm × 450 mm × 85 

mm) were cut. No shear test was conducted for PCS-TH panels. However, two samples from 

the PCS-TH panel were tested in four-point bending. The panels were labelled as shown in Fig. 

3. For instance, the panel labelled PCS-S-V#1-2 indicates the single-layer PCS panel under 

three-point test and is sample number 2, cut from panel number 1. 

It should be noted that, in manufacturing the first PCS panel (PCS-S#1), sanding prior to the 

manufacturing of the second side of the panel was missed. Moreover, one BCS-D and one 

BCS-S panel were manufactured almost 2.5 years before the other panels. These two older 



6 
 

panels are distinguished from other panels with an asterisk (*) sign. In manufacturing of all 

sandwich panels commercial plywood with Stress grade F8 [37] was used, except in PCS-TH 

panel, a higher grade (Stress grade F14) [37] was utilised. 

3. MATERIALS AND TEST PROCEDURES 

3.1 Tensile tests 

From each plywood skin of the BCS-S* and BCS-D* panels, a total of five coupon (dog bone) 

samples were cut using a CNC machine. The coupon samples had nominal widths of 6.5 mm 

and gauge lengths of 64 mm, and were tested according to the recommendations of ASTM 

D3500-14 [39]. The ends of the samples were clamped in the jaws of a 100 kN capacity Instron 

testing machine as shown in Fig. 4a. The load was applied on the plywood coupons at a constant 

speed rate of 0.5 mm/min to reach failure in 3-5 min. The tensile strength σtuװ (strength in the 

fibre direction of plywood) of each coupon was calculated as 

max

.
tu

t par

T
b t

σ =
×

       (1) 

where Tmax is the maximum recorded force, and bt and tpar., are the measured width and 

thickness of plies (only parallel to the direction of loading), respectively. Moreover, the 

ultimate strain at failure of each test εtuװ was also recorded. The material properties of plywood 

laminates obtained from the tensile tests are represented in Table 1. 

To find the mechanical properties of the plywood veneers from properties of plywood 

laminates listed in Table 1, a classical laminate theory tool (OSULaminates tool developed by 

Oregon State University) was utilised [40]. To do so, the average value EL of P .radiata was 

taken from [41], and the other properties were approximated based on their corresponding 

ratios to EL. The mechanical properties of the plywood veneers of the BCS-S* and BCS-D* 

plywood skins are listed in Table 2. 

3.2 Non-destructive vibration tests 

The dynamic longitudinal and the shear moduli of elasticity of the peeler cores were measured 

using a non-destructive resonance method [42]. To do so, the peeler cores in their original 

dimensions were simply supported on rubber bands and impacted with a hammer (Fig. 4b). 

The sample natural frequency was recorded using a microphone and analysed using the BING 

(Beam Identification by Non-destructive Grading) software [43]. The test method could not be 

extended to bamboo culms, due to its intrinsic irregular geometry. The material properties of 
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peeler cores were calculated from the non-destructive vibration test method are represented in 

Table 3. 

The material properties of CLT panels were taken from the supplier’s catalogue [38], and are 

denoted in Table 4. 

3.3 Moisture content 

To determine the moisture content at the time of testing, samples were cut from the plywood 

skins and core materials (bamboo and peeler), and were weighed immediately after the three-

point shear tests. The oven-dry methodology in the Australian and New Zealand standard 

AS/NZS 1080.1 [44] was followed. The samples were dried in a ventilated drying oven at a 

temperature of 103±2°C between 24 to 36 hours, to the point where the weight of sample 

remained unchanged. The moisture content (MC) was determined by comparing the initial 

weight of the samples, to the weight after drying in the oven (the oven dry mass). MCs are 

expressed as a percentage of the oven-dry mass in Table 5.  

3.4 Shear bond tests 

Adhesive spread rate study was conducted to evaluate the shear strength between bamboo and 

plywood. To accomplish this, adhesive shear block test was performed in adhesive spread rates 

of 180, 360 and 540 g/m2 in BCS-S panels. For each adhesive spread rate, four BCS-S panels 

with dimensions of 300 mm × 300 mm × 85 mm were manufactured. The panel dimensions 

were selected such that three whole bamboo rings could fit inside the panel in each direction 

(Fig. 5). Two timber planks were glued to the top and bottom surfaces of the panel. Using a 

100 kN Instron machine, a lateral displacement was imposed on the top plank, while the bottom 

plank was fixed in the machine’s jaw. The shear bond strength was calculated by dividing the 

ultimate load by the total wall-thickness area of the nine bamboo rings. Results are given in 

Table 6. No shear bond test was conducted for the PCS panels, since the contact surface area 

in the PCS panels were much larger than the BCS panels and thus less susceptible to shear 

interface failure. 

3.5 Four-point bending tests 

Test set-up 

Four-point bending tests were carried out according to the recommendations of BS EN 

16351:2015 [45] to measure the bending strength and stiffness of the panels. The standard [45] 

dictates a minimum span between 24h to 30h, where h is the panel depth. The test set-up is 
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shown in Fig. 6. Tested panels had dimensions of L=2,300 mm and b=450 mm, and h= 85 mm. 

The actual centre-to-centre span of the panels was 2,215 mm, with a span-to-depth ratio of 26. 

The distance between the supports and the nearest end of the panels was equal to half of the 

depth of the panels, which was 42.5 mm. The panels were simply supported during the tests, 

and the point loads were applied across the whole width of the panels by using an assembly of 

spreader beam and steel solid tubes with diameter of 50 mm. The distance between the two 

loading points was six times the depth of the panels (6h). Steel plates with width of 150 mm 

and length of 450 mm were positioned under the loading points and the supports to prevent 

localised failures. The panels were tested in a 500 kN capacity MTS universal testing machine, 

with the load being applied to the steel solid tubes. A constant displacement loading rate of 10 

mm/min was applied, so that the maximum load was reached within 5-6 min. To measure the 

deflection during loading, three Linear Variable Displacement Transducers (LVDTs) were 

used (see Fig. 6). LVDT 2 was located at the mid-span, while (LVDTs 1&3) were located 4.2 

times (h) apart, and closer to the point loads. The distance between LVDT 1 and LVDT 3 was 

slightly less than the recommend distance of five times the panel depth (5h) in the BS EN 

16351 [45]. Strains in both top and bottom surfaces of the panels were monitored using four 

30 mm long strain gauges (SGs), installed along the panel direction. As shown in Fig. 6a, SGs 

1-3 were attached to the top surface (compression side), while SG4 was installed on the bottom 

surface (tension side) at mid-span right under SG2. The applied load, displacement and strains 

were recorded and synchronised using a digital data acquisition (DAQ) system. 

Evaluations 

The moment in the mid-section of the sample (M) is  

( )
2

WP P aM +
=      (2) 

where P is the load applied by the MTS, a is the distance between the loading head and the 

nearest support, given in Fig. 6a, and Pw= 0.33 kN is the weight of the steel plates and the 

rollers. The relative defection (δ) of the panel is calculated from the displacements δ1, δ2 and 

δ3 recorded by the LVDT number 1, 2 and 3, respectively 

1 3
2 2

δ δδ δ +
= −      (3) 

Curvature (k) of the panel under four-point bending is calculated from the LVDT readings as  
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2

2k
d
δ

=                 (4) 

where d (given in Fig. 6a) is the distance between LVDT 2 and LVDTs 1 or 3. The difference 

between tension and compression MOE [46] is ignored in this study consistently with other 

studies, such as [47, 48]. 

To acquire the flexural stiffness (EI) of the panels, two methods were adopted: (1) the strain 

method, and (2) the deflection method. In the strain method, (EI)SG was obtained from the 

strain-curvature relationship using the strain gauge readings (SG1, SG2 and SG3) on the top 

surface (compression side) over the width of the panels 

( )
2SG

M hEI
ε

∆  =   ∆  
     (5) 

where h is the total depth of the panel, and M ε∆ ∆  is the slope of the linear part of the moment-

strain curve (M-ϵ), and calculated between an applied load of 1 kN and 2 kN. In the deflection 

method, (EI)δ was calculated from the LVDT readings, under the point loads (LVDTs 1 and 3)  

    
( )2 2

1/3

3 3
( )

12
a Lx x a PEI δ δ

− − ∆ =  ∆ 
   (6) 

and at the mid-span (LVDT 2) 

    
( )2 2

2

3 4
48

a L a PEIδ δ

− ∆ =  ∆ 
    (7) 

where L and a are shown in Fig. 6a, and x= 930 mm is the distance from the supports to LVDT 

1 and LVDT 3. The load-displacement slope ( P δ∆ ∆ ) is taken from the linear part of the load-

deflection curve and corresponds to (1 kN<P<2 kN). 

The former expressions (Eqs. 6, 7) are based on Bernoulli beam deflection theory, and neglect 

the shear effects. A more suitable deflection theory is the Timoshenko shear deformation theory 

[49], and accounts for shear effects in bending. In a Timoshenko beam and in a four-point 

bending test, the mid-span deflection (δ2) is the sum of flexural (w1) and shear (w2) 

deformations: 
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( ) ( ) ( )
3

2 1 2
23

1296 6 ( )
PL PLw w

EI k GA
δ = + = +     (8) 

where GA is the shear stiffness, and κ is the Timoshenko shear coefficient. Using an analytical 

approach, current authors calculated κ of 0.817 and 0.815 for the BCS and PCS panels, 

respectively [35]. Recommended κ for a CLT panel (with rectangular cross-section) is 1.2 [11]. 

The Timoshenko expression (Eq. 8) will be used later to estimate GA, and find the contribution 

of shear (w2) to flexural (w1) deformation for each panel. 

3.6 Three-point tests (shear) 

Test set-up 

The three-point (short span bending) tests were conducted in accordance with the US 

ANSI/APA PRG 320 standard [50]. Panels with dimensions of L=600 mm, b=450 mm and h= 

85 mm were tested using a 100 kN Instron testing machine. The test setup and the boundary 

conditions are shown in Fig. 7. The tests were performed in a displacement control method and 

reached failure in about 3-4 min. The panels were simply supported, with a distance between 

supports of 500 mm. The load was applied at the mid-span using a steel solid tube placed on a 

20 mm thick steel solid plate. Two Laser Displacement Sensors (LDS) placed at both sides of 

the panel recorded the mid-span vertical displacements of the neutral axis (Δ1 and Δ2). One 30 

mm, strain gauges (SGs) was installed at the bottom surface (tension side) of the panel, and 

was used to measure strains in the longitudinal direction. A 10 mm tri-axial strain gauge rosette, 

was attached to the core of the sandwich panel, on the neutral axis, and at a distance 150 mm 

from one edge of the panel (see Fig. 7a). The strain gauge rosette was used to measure the shear 

strain. 

Evaluations 

The shear stress of the sandwich panels, was calculated using a section transformation analogy  

.

.2
trans

trans

PQ
I b

τ =       (9) 

where P/2 is the shear force, Qtrans. is the first moment of area of transformed section at the 

point of interest, and b is the width of the panel at the cut. Denoting the ratio /skin coreE E  of the 

two moduli of elasticity by N, the moment of inertia of the total transformed section (Itrans.) can 

be expressed as 
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3
3 2

.
1 ( )( )  ,   

12 12 2 2
2c skin

core
trans

b c Ec tbNt bNt N
E

I  + + + = 
 

=             (10) 

where Eskin is the modulus of elasticity of the plywood skin in the parallel-to-grain direction, 

Ecore is the modulus of elasticity of core in the radial direction, and t and c are the plywood 

thickness and core height in the manufactured sandwich panels, respectively. In a BCS panel, 

at any given cross-section cut along the span, the width of the bamboo core (bc) is almost equal 

to 2enb, where e is the nominal bamboo wall-thickness and nb is the number of bamboo rings 

across the width of the panel. In a PCS panel, an equivalent core width is based on the moment 

of inertia of the peeler core at the cut-section 

23 3
3

0 0

1 1 12   ,  (2 )  ,  2 1 1
12 12 12

R R

c

I c cb R n I Rc I D d R d
R R RI

ξ
ξ ξ ξ

ξ

ξξ ξ
   = = = = − −    

∫ ∫                (11) 

where Dξ is the thickness of a peeler core, cut at distance ξ away from an edge, and n is the 

number of peeler cores with radius R, along the width of the PCS panel. In a CLT panel, the 

shear strength [11] can be calculated from  

1.5
.
V

c A
τ =                 (12) 

where A is the total cross-sectional area of the CLT panel and coefficient c is a reduction factor  

eff

total

I
c

I
=                 (13) 

where Itotal and Ieff are the total and effective moment of inertia for the major strength axis, 

respectively. Ieff is the effective moment of inertia of the panel accounting only for the layers 

with laminations oriented parallel to major strength axis 

3
2

1 1
. .
12

n n
i

eff i i i
i i

hI b A z
= =

= +∑ ∑                   (14) 

where bi, hi and Ai are the width, thickness and cross-sectional area of each individual layer, 

respectively. The distance between the centroid of each layer and the centroid of the total cross-

section of the CLT panel is zi. 

4. RESULTS AND DISCUSSION 

4.1 Material properties 
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The average modulus of elasticity (EL), ultimate tensile stress in the fibre direction (σtuװ) and 

ultimate tensile strain in the fibre direction (ϵtuװ) of the plywood skins obtained from coupon 

tests are represented in Table 1. The mechanical properties of the individual P. radiata veneers 

(that make the plywood) were calculated from the properties of plywood listed in Table 1. The 

mechanical properties of the P. radiata veneers of the BCS-S* and BCS-D* plywood skins are 

listed in Table 2. The ratios between longitudinal moduli of elasticity and mechanical 

properties in other directions, and the Poisson ratios (ν) are taken from [41].  

Table 3 presents the average values for measured diameter (D), and modulus of elasticity 

parallel to the grain (EL) and shear modulus perpendicular to the grain (GLR) of peeler core from 

the NDT vibration method [42]. The properties of bamboo core were taken as the average 

values of Moso bamboo (Phyllostachys Pubescens) reported in [51]. 

The material properties of the CLT (CL3/75) panel laminations are represented in Table 4, and 

are 50th percentile values taken from XLam design guide [38]. European CLT panels are mainly 

manufactured with softwood spruce-pine-fir (SPF) lumber, therefore similar strength values as 

species P. radiata are assumed for laminates parallel to the major strength axis of the CLT 

panel. Moisture contents at the time of the three-point tests of the panels are reported in Table 

5. Maximum and minimum MCs vary between 8.64% and 12.81%. 

4.2 Shear bond strength 

The ultimate loads at failure of the shear bond tests are represented in Table 6. The shear 

strength at the bond is found by dividing the ultimate load by the bamboo wall-thickness area. 

It can be seen that doubling or tripling the glue spread rate, does not translate into a significant 

increase in the bond strength of the BCS panel. Hence, in the manufacturing of the BCS panels, 

spread rate of 180 g/m2 was adopted. At this spread rate, the average shear strength at the 

bamboo-plywood contact is 0.99 MPa.  

4.3 Bending tests 

The four-point bending test results are presented in Figs. 8-10, and represented in Tables 7 and 

8. The bending results are discussed in terms of capacity, ductility and stiffness, for each panel 

type.  

Capacity and failure mode 

The load versus mid-span displacement behaviour (P-δ2) of the panels under four-point 

bending tests are shown in Fig. 8a. The corresponding failure modes at the ultimate loads are 
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shown in Fig. 10 and reported in Table 7. The ultimate moment capacity of the BCS-S-F panel 

is 27.3% higher than BCS-S-F* panel (the panel that was made 2.5 years earlier). The BCS-S-

F panel failed due to the rupture in the bottom skin, a tensile failure within the pure bending 

zone (see Fig. 10a). Whereas, a premature failure outside the pure bending zone was observed 

in the BCS-S-F* panel. This is probably due to the biological degradation and loss of interface 

bond caused by Dinoderus Minutus (bamboo borer), that was visible in the bamboo core rings 

[52]. 

Using double-layer BCS-D*, the ultimate capacity of the panel in bending increased by 33.9% 

compared to the similar (*) single-layer panel. No improvement in stiffness can be observed 

with a double core layers, considering the slope of the linear part of the (P-δ2) curve. At larger 

moments, a nonlinear behaviour was observed in the response of the single-layer BCS panels. 

The softening nonlinearity prior to reaching the ultimate is more pronounced in the bending 

response of the double-layer BCS panel. This softening nonlinearity could be attributed to the 

higher contact surface area between the plywood skins and bamboo core, and eventuates in a 

total flexural rupture of the panel in the bending zone (Fig. 10a).  

Amongst the peeler core panels, the highest ultimate moment capacity of 20.78 kN.m 

corresponds to the PCS-S-F#1 panel, which is 31.6% and 26.4% higher than PCS-S-F #2 and 

PCS-S-F #3 panels, respectively. In the manufacturing of the PCS-S-F#1 panel, no sanding 

process was performed. Apparently, the shear interface bond of peeler core panels without 

sanding is stronger than those with sanding. The superior interface strength resulted in higher 

bending capacity of the PCS-S-F#1 panel, compared to other peeler core panels. This is evident 

in Fig. 8b. 

 In terms of elastic stiffness (slopes of linear parts of the curves in Fig. 8a) comparable values 

are observed between PCS-S-F #1 and PCS-S-F #3 panels, while a reduced slope (up to 30%) 

is seen in the PCS-S-F #2 panel. In all PCS-S-F panels, plywood failed in the tension face and 

within the pure bending region. As shown with arrows in Fig. 10b, plywood cracks led to 

separation of plywood veneers within the plywood laminates. No face/core debonding 

(interface delamination) was observed as the bottom plywood veneers were still attached to the 

peeler cores after the failure. Unlike BCS-D-F* (double-layer) panel, no improvement in 

ultimate capacity and elastic stiffness was observed in the double-layer PCS panel (PCS-D-F). 

Similar failure mode to the single-layer PCS panel was observed in the PCS-D-F panel, as 

shown in Fig. 10b. 
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The PCS-TH-F panels showed much higher capacity and stiffness compared to the BCS and 

PCS panels. Moreover, load-deflection responses of the PCS-TH-F panels (#1 and #2) were 

consistent as shown in Fig. 8a. The improvement in the capacity is attributed to the augmented 

moment of inertia due to the thicker skins as well as application of higher grade timber in the 

plywoods. The consistency is because of the lower bending strains at the skin/core interface, 

and thus reduced chances of skin/core debonding. The load-drop observed in PCS-TH-F#1 at 

around 24.12 kN is due to the initiation and development of a crack in a peeler core ring at one 

side of the panel. Prior to reaching the ultimate moments, both PCS-TH-F panels depicted 

nonlinear response (Fig. 8a).  At this stage interlaminar or delamination failure between the 

plywood plies was observed which propagated within the top and bottom plywood skins. Local 

buckling (buckling drive delamination) in the top plywood skin led to the separation of the 

plies in the top plywood skin in pure bending region, as shown in Fig. 10c. This type of failure 

mode (local buckling) was previously reported in sandwich panels where the skin is subjected 

to compressive load and out-of-plane shear or localised impact loads [53]. In responses of both 

PCS-TH-F panels, the first drop in the load-deflection curve (Fig. 8a) corresponds to the local 

buckling of the compressive skin. After this point, delamination between plywood veneers in 

the top and bottom skins is initiated and is quickly increased until rupture of the tensile skin 

occurs.   

Ductility 

Moment curvature responses of the panels are shown in Fig. 8b. Since the raw data (Eq. 4) had 

too much noise, smoother curves obtained from polynomial curve fitting are plotted. The 

ultimate curvature of the BCS-D-F* panel is 1.32×10-4 mm-1, and is 5.28 and 1.35 times the 

ultimate curvatures of the BCS-S-F* and BCS-S-F panels, respectively. Similar to BCS panels, 

in the PCS panels, the double-layer panel shows greater curvatures at similar moments, 

compared to the single-layer panels. The more ductile behaviour observed in double-layer BCS 

and PCS panels compared to single-layer panels can be attributed to higher contact area 

between core and plywood skins. A more ductile behaviour can be seen from the PCS-TH 

panels compared to single and double-layer BCS and PCS panels, as shown in Fig. 8b. The 

ultimate curvature of the PCS-TH-F #1 and PCS-TH-F #2 panels are 1.16×10-4 mm-1 and 

1.19×10-4 mm-1, respectively. 

Fig. 8c shows the strain-curvature relationship using the average value of strain gauge readings 

SG 2 and SG 4. There is always a compromise in selection of SG for calculation of curvature, 
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because material properties of plywood vary along the width and between top/bottom faces. 

As can be seen, the difference between Fig. 8b and Fig. 8c is minimal in most panels. 

Fig. 9 shows the moment versus longitudinal strains of the top (compression) and bottom 

(tension) surfaces of the tested panels. The three SGs (SG 1, 2 and 3) show the longitudinal 

compressive strain distributions over the width of the panel, and SG 4 shows the tensile strain 

at the mid-span. The compressive strains are denoted with (C), while the tensile strains are 

shown with (T). Ratios of the ultimate compressive strain to compressive yield strain of P. 

radiata ( )cu cyε ε , and ultimate recorded tensile strain to maximum tensile strain of P. radiata 

( )exp
tu tuε ε in each panel are reported in Table 7. As shown in Figs. 9a-c, BCS-S-F panel failed 

at a tensile strain of 4,908 micro-strain which is 94% of the maximum tensile strain of Radiata. 

The compressive skin showed plasticity at M=2 kN.m. At the ultimate load, the compressive 

strain SG3 is equal to 11,830 micro-strain, and is 4.28 times larger than the assumed yield strain 

in P. radiata (Table 7). In the BCS-S-F* panel, the compressive strain at ultimate is 1.09 times 

the yield strain, whereas the ultimate tensile strain is 0.56 times the predicted tensile strain limit 

(premature failure). As shown in Fig. 9c, the BCS-D-F* panel showed a more ductile behaviour 

compared to BCS-S-F panel in both tension and compression sides. A slight decrease in 

stiffness on the tension side was observed at about 4 kN.m, whereas plasticity occurred on the 

compression side. Both ultimate recorded compressive and tensile strains in BCS-D-F* panel 

were significantly higher than the compressive yield strain (2,103 micro-strain) and maximum 

tensile strain (3969 micro-strain) of the P. radiata, as reported in Table 7.  

Figs. 9d-g show the moment-strain curves in PCS-S-F#1, PCS-S-F#2, PCS-S-F#3 panels and 

PCS-D-F panel, respectively. At higher moment capacity, lower strains of both tension and 

compression skins are observed in single-layer PCS panels compared to single-layer BCS 

panels. This is attributed to higher moment of inertia due to higher peeler core width (bc) within 

the PCS panels. Similar to single-layer BCS panels, the strains recorded on tension side are 

almost linear, except in PCS-S-F#2 panel where a slight reduction in stiffness was observed. 

From Table 7, it is obvious that the ultimate recorded tensile strains (SG4) for single-layer PCS 

panels did not reach the maximum tensile strain (5,211 micro-strain). However, the recorded 

compressive strains exceeded the compressive yield strain (2,761 micro-strain). Overall, 

compared to single-layer panels (in both BCS and PCS panels), the plywood skins of double-

layer panels are more stressed.  



16 
 

Figs. 9h-i show the measured longitudinal strains in PCS-TH-F #1 and PCS-TH-F #2 panels, 

respectively. Linear trends in tensile and compressive strains up to the failure are observed. 

The compressive strains along the width of the compressive face (SG 1, SG 2 and SG 3) are 

more consistent, particularly in PCS-TH-F#2 panel, compared to BCS and PCS panels. As 

shown in Fig. 9h, both tensile and compressive strains increased linearly up to M=10.44 kN.m 

in the PCS-TH-F#1 panel. At this point, a slight load-drop and consequent decrease in stiffness 

were accompanied with an increase in strains on tension and compression sides. This is due to 

the cracking of peeler core rings at one side of the panel, where SG1 and SG2 were located. 

Nonlinearity in the compression and tension strains were then observed indicating the 

development of failure in the plywood skins. From Table 7, it can be construed that the strain 

values on compression and tension sides exceed the compressive yield strain (2,103 micro-

strain) and the maximum tensile strain (3,969 micro-strain) of P. radiata by 124% and 65%, 

respectively. In PCS-TH-F#2 panel, at M=9.72 kN.m the panel emitted a snapping sound. This 

was due to the occurrence of interlaminar failure (local buckling) in the top plywood skin, as 

shown in Fig. 10c, and was accompanied by a localised nonlinearity in readings of SG1, while 

other measured strains remained linear as shown in Fig. 9i. From Table 7, the ultimate strain 

recorded on top surface (compression) is 30% higher than the predicted compressive yield point 

(2,103 micro-strain), and on the bottom surface (tension) it is 10% higher than the P. radiata 

tensile strain capacity (3,969 micro-strain). 

Bending stiffness EI 

Table 8 represents bending stiffness EI for all investigated panels under four-point bending 

tests, obtained from strain, (EI)SG, and deflection, (EI)δ, readings (explained in the methodology 

section). There are differences between EIs calculated using strain and deflection methods. The 

differences between the three SG readings are due to the difference along the width of section. 

While, the differences between LVDT readings (deflections) are due to the variations along the 

length. Average and COVs from each method are characterized in Table 8. COVs of the 

deflection method are lower than those of the strain method. However, since the deflections 

used to calculate the bending stiffness were very small (just within the tolerance limit of the 

LVDT), the authors believe that the EIs calculated using strain gauges, (EI)SG, are more 

accurate, and are used in the discussions herein. 

The PCS panels displayed higher bending stiffness than the BCS panels. Largest EI amongst 

PCS panels is PCS-S-F#3 with an average value of 132.9 N.mm2, which is 58% greater than 

the largest EI of all BCS panels, (BCS-S-F* panel with 84 N.mm2). Bending stiffness of the 
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double-layer bamboo or peeler core panels are not larger than the single-layer panels. However, 

comparing the EI values obtained from SG1, SG2 and SG3 along the width of the panels, it 

can be seen that COVs are significantly lower in double-layer panels in both BCS and PCS 

panels. This suggests that in the double-layer panel, the outer plywood skin is more uniformly 

stressed over its width. From Table 8, the optimum bending stiffness results correspond to 

PCS-TH-F#1 and PCS-TH-F#2 with EI of 143.63 N.mm2 and 138.36 N.mm2, respectively. The 

bending stiffness of the PCS-TH-F#1 panel is 60% and 19.8 % higher than the BCS-S-F* and 

PCS-S-F#3 panels, respectively.  

Equation 8 was used to calculate the shear stiffness (GA) of the panels, using EIs from average 

strain gauge readings (column 5 of Table 8). Using the calculated GA, the shear to flexure 

deflection ratios (w2/w1) of the panels in four-point bending tests are calculated and summarised 

in Table 8. Large variations in shear to flexure ratios are observed in BCS and PCS panels, and 

are due to the disparities in measured EIs. However, in PCS-TH panels, contribution of shear 

to the total deformation is very consistent and is about a quarter. 

4.4 Shear tests 

Shear force (V) versus mid-span deflections of three-point shear test results are shown in Fig. 

11. The displacement Δ is the average of the neutral axis deflections (Δ1 and Δ2) on either sides 

of the panels. The shear forces are plotted against mid-span tensile strains (ε) and core shearing 

strains (γ) of the panels in Figs. 12 and 13, respectively. The results collected from the shear 

tests are summarized in Table 9. The shear stress at the interface (τinterface) between core and 

plywood skins are calculated using Eq. 9. 

As shown in shear force-displacement responses of the BCS panels in Fig. 11a, the single-layer 

bamboo panels depict sporadic behaviour. The ultimate shear forces (Vult) in Table 9, show 

that the bamboo borer has a significant effect in reducing the shear capacity of BCS panels (*). 

In the double-layer bamboo panels, the force-deflection slope is more consistent. Comparison 

between the average ultimate shear capacities (Vult) of the double-layer and single-layer 

bamboo panels (neglecting the * panels), in Table 9 suggests that double-layer core geometry 

can increase the shear capacity by 9%. Comparison between Figs.12a and 13a, shows that at 

almost similar tensile strains in their skins, the BCS panels experience different core shear 

strains. Interestingly, the stiffest shear-strain response belongs to BCS-S-V#2. This suggests 

that in absence of local interface defects, the single-layer bamboo panels can be as strong as 

the double-layer ones. Tensile strain results (εtu) in Table 9 are much lower than the predicted 
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ultimate strains of plywood in bamboo panels. The failure modes in Fig. 14a clearly show shear 

interface failure. This can be explained based on the calculated interface shear stresses (τinterface) 

in Table 9 (calculated from Eq. 9), which exceed the shear bond capacity (0.99 MPa) for glue 

spread rate of 180 g/m2 in Table 6. In double-layer panel BCS-D-V*#1, which depicts the 

largest ultimate shear capacity, the interface failure occurs at the centre of the panel.  

As shown in Fig. 11b, the single-layer PCS panels depict ductile response and considerable 

post-ultimate load bearing capacity, whereas the double-layer peeler core panels show a sudden 

drop at the ultimate shear capacity. Compared to the bamboo core panels, the peeler core panels 

have relatively more consistent stiffness. Interface shear stresses in the PCS panels represented 

in Table 9, are well below the shear bond capacity (0.99 MPa). Comparison between Figs. 12a 

and b shows that at similar loads, the tensile strains in the skin of BCS and PCS panels are not 

much different. However, the shear strains in the peeler cores are much lower than those of the 

bamboo cores (see Figs. 13a and b). Most favourable shear response is observed in the double-

layer PCS-D-V#1 sample, where the panel fails in the tensile rupture of the plywood skin (Fig. 

14b). Other PCS panels have lower shear capacities which correspond to initiation of an 

indentation failure localised at the interface gap between the peeler cores, followed by a bond 

failure at the core-skin interface (see Fig. 14b). This type of failure is observed both in single 

and double-layer PCS panels. 

4.5 Comparison between sandwich panels and CLT 

A comparison has been made between the bending and shear responses of the manufactured 

sandwich panels and commercial CLT panels, CL3/75 [38]. Total of four CLT panels, two in 

four-point bending and two in three-point shear, were tested similar to the test procedures 

described previously. 

The load versus mid-span displacement of CL3/75-F#1 and CL3/75-F#2 under four-point 

bending test is shown in Fig. 8a. Both panels exhibited similar initial elastic stiffness, while the 

ultimate load (Pult) of CL3/75-F #1 panel exceeded that of the CL3/75-F #2 panel by 11.21%. 

In CL3/75-F#1 panel, a slight drop in the load was observed at P=32 kN, and was due to 

initiation of a crack at an inclined angle in the middle layer (rolling shear) and adjacent to a 

knot in the bottom layer. As the load increased, the crack propagated within the board interface 

surface and resulted in a catastrophic failure outside the pure bending zone, as shown in Fig. 

10d. The failure in CL3/75-F#2 panel initiated as a vertical crack in the middle layer and 

propagated through the board interface surface followed by tensile rupture of the bottom layer. 
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Differences in the failure modes of the tested CLT panels in bending is evident in the curvature 

response of Fig. 8b. The ultimate curvature of the CL3/75-F#2 panel was 0.98×10-4 mm-1 and 

was 38% higher than the ultimate curvature of CL3/75-F#1. As can be seen from Fig. 9k, plastic 

behaviour is observed in the compression face of CL3/75-F#2 at M=10.32 kN.m. 

Bending rigidities of the CLT panels are represented in Table 8. There is some difference in 

EIs calculated from strain gauges and those calculated from LVDTs (deflections). This is 

probably because of the differences in the mechanical properties of the boards used to 

manufacture the CLT panel. Adopting the strain gauge readings, the average EI from SGs in 

CL3/75-F#1 is 12% higher than CL3/75-F#2 panel. The minimum shear to flexure contribution 

(w2/w1) of the CLT panels is 0.43, and is greater than all of the sandwich panels.  

Fig. 11c shows the shear force versus average mid-span displacement response of the CLT 

panels in three-point shear tests. CL3/75-V#1 panel with a width of 450 mm was initially tested, 

but did not fail before P=100 kN (capacity of the Instron machine). Thus, CL3/75-V#2 was 

trimmed to 300 mm wide. The CL3/75-V #2 panel failed in rolling shear as shown in Fig. 14c. 

Two shear cracks initiated in the cross layer at angles of 45°, and one propagated to the glue 

line between middle and bottom layers. The recorded ultimate tensile strain and core shearing 

strain of both CLT panels are shown in Fig. 12c and Fig. 13c. For sake of comparison shear 

force (V) of CL3/75-V#2 is multiplied by the width ratio (450/300). CL3/75-V#2 shows a 

plateau at ultimate shear force, which is related to the initiation and propagation of the rolling 

shear crack (Fig. 14c). The recorded tensile strain in CL3/75-V#2 panel is 3,442 micro-strain 

and it is only half the capacity of the CLT external laminates (7,412 micro-strain). Using Eq. 

12, the maximum shear stress (in the neutral-axis) at the ultimate shear load of CL3/75-V#2 is 

equal to 2.48 MPa, and is greater than the rolling shear strength of CLT (between 1 to 2 MPa) 

[14]. The maximum shear stresses (in the neutral-axis) at the ultimate shear capacity of all 

panels are normalised to that of CL3/75-V#2 (2.48 MPa), and are represented in Table 9. It can 

be seen that the cores of almost all sandwich panels are less stressed compared to the CLT 

panel. Comparison between the shear stress ratios of single-layer and double-layer bamboo and 

peeler cores in Table 9, shows that at similar shear capacities, core of the double-layer panel is 

less stressed. This indicates that less number of bamboo or peeler core rings could have been 

used in the double-layer panels. 

Test results of all panels are summarised in Table 10. Ultimate shear and bending capacity and 

stiffness correspond to the average values for each panel type, and are normalised to the 

corresponding average values of the CLT panel. It should be noted that in flexural design, 
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stiffness is more important than the ultimate capacity [11]. Amongst all sandwich panels, the 

best stiffness-to-weight ratio belongs to PCS-TH. At almost similar weight, the stiffness-to-

weight ratio of PCS-TH panel is 0.77 times the CLT. The lightest panels are single-layer 

bamboo core panels (BCS-S), which weigh slightly over half of the CLT, and have ultimate 

moment capacity about one-third of the CLT. The normalised stiffness-to-weight ratio of the 

BCS-S panels is 72% of the CLT. No particular benefit is observed in the results of the double-

layer bamboo core panels compared to the single-layer ones. Single and double-layer peeler 

core panels depict better shear performances, however, no significant improvements are seen 

in the bending performance of the peeler core panels with thin skins (PCS-S and PCS-D), 

compared to other sandwich panels. 

 

5. CONCLUSIONS AND RECOMMENDATIONS 

Sandwich panels were manufactured from plywood skins and bamboo/peeler core rings. 

Experimental tests were conducted to evaluate: (1) the interface core/skin strength, (2) bending 

strength and stiffness, and (3) shear strength. Results were compared to test results of 

commercial CLT panels of almost similar depth.  

Shear bond tests showed that increasing the glue spreading rate does not enhance the interface 

strength significantly. However, using larger adhesive spread rates showed more consistent 

shear bond results. In the three-point shear tests, the dominant shear failure modes of the BCS 

and PCS panels were shear interface and indentation/bond failure, respectively. The double-

layer peeler core (PCS-D) panels outperformed all other sandwich panels, and reached 64% of 

the shear capacity of the CLT panel.  

Almost all bamboo core (BCS) and peeler core (PCS) panels failed due to the tensile skin 

failure observed within the pure bending zone, under four-point bending test. No major 

improvement in the bending capacity of the double-layer sandwich panels were observed in 

comparison with the single-layer panels. The peeler core panel with thick faces (PCS-TH) 

depicted ultimate moment capacity as high as 79% of the CLT panel. Moreover, the PCS-TH 

panel showed curvature at ultimate moments larger than the CLT panels. With a weight 6% 

lower than the CLT panel, the PCS-TH panel achieved bending stiffness (EI) as large as 72% 

of the CLT. The normalised weight-to-stiffness ratio of the BCS-S panels showed to be as high 

as 72% of the CLT.  
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A better manufacturing strategy and optimum face-thickness and core layout may enable 

production of BCS and PCS panels that can outperform the CLT panels in bending and shear 

strength and stiffness. Addition of timber boards in between plywood and the bamboo/peeler 

cores can improve fire performance of the panels. Moreover, removing the gap in between 

bamboo rings/peeler cores and making core blocks with different aspect ratio can enhance the 

shear performance and fire resistance. The authors aim to study these points in future. 
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Table 1. Tensile test results of the plywood skins (numbers in brackets indicates the number of tests on which the average and coefficient of variation (COV) are calculated. 

sample EL (MPa) COV (%) 𝜎𝜎𝑡𝑡𝑡𝑡
װ  (MPa) COV (%) 𝜖𝜖𝑡𝑡𝑡𝑡

װ (×10-6) COV (%) 

P. radiata plywood (BCS-S*) 7,781 (5) 17.1 40.8 (5) 22.5 5,100 (5) 16.5 
P. radiata plywood (BCS-D*) 10,216 (5) 11.0 69.0 (5) 4.0 6,800 (5) 12.1 

Note: Subscripts L is associated with the longitudinal direction. Superscripts * indicates old panels. 

 

 

 

Table 2. Material properties of the P. radiata veneers obtained from classical laminate theory [40] 

sample EL 
(MPa) 

ET 
(MPa) 

ER 
(MPa) 

GLT 
(MPa) 

GTR 
(MPa) 

GLR 
(MPa) νLT νTR νLR 𝜎𝜎𝑡𝑡𝑡𝑡

װ  
(MPa) 𝜖𝜖𝑡𝑡𝑡𝑡

װ (×10-6) 𝜎𝜎𝑐𝑐𝑡𝑡
װ  

(MPa) 
𝜎𝜎𝑐𝑐𝑐𝑐
װ  

(MPa) 
𝜖𝜖𝑐𝑐𝑐𝑐
װ (×10-6) 

Layer’s thickness 
(mm) and lay up 

P. radiata veneer 
(BCS-S*) 11,380 500 1,001 922 125 1,092 0.315 0.308 0.347 

59.3 
5,211 

41.9 31.4 
2,761 2.4 / 2.4 / 2.4 

P. radiata veneer 
(BCS-D*) 14,941 657 1,315 1,210 164 1,434 0.315 0.308 0.347 3,969 2,103 2.4 / 2.4 / 2.4 

  Note: Subscripts L, T and R are associated with the longitudinal, tangential and radial directions, respectively. 

 

 

 

Table 3. Bamboo properties taken from [51], and peeler core properties obtained from the non-destructive vibration test method.  

sample D (mm) EL (MPa) COV (%) GLR (MPa) COV (%) 
Peeler core (PCS-S #1) 125.9 (44) 10,462 (44) 12.7 944 (44) 20.5 
Peeler core (PCS-S #2 and #3) 141.4 (16) 9,585 (16) 18.5 1,281 (16) 61.8 
Bamboo core [51] 100.0 (-) 10,500 (-) - 630 (-) - 

 

 



Table 4. Material properties of the CLT laminations taken from XLam product sheet. 

 
MOE 

(parallel to span) 
(MPa) [38] 

MOE 
(perpendicular to span) 

(MPa) [38] 

Shear Modulus 
(parallel to span) 

(MPa) [38] 

Shear Modulus 
(perpendicular to span) 

(MPa) [38] 

Compression strength 
σcu

 (parallel to span) װ
(MPa) [38] 

Tensile strength σtu
 װ

(parallel to span) 
(MPa) [41] 

External laminations 8,000 267 500 50 41.9 59.3 
Internal laminations 6,000 200 375 37.5 - - 

 

 

 

Table 5. Moisture content (MC) of the panels measured following the three-point tests. 

Samples Core MC (%) AVE (COV) Skin MC (%) AVE (COV) 
BCS-S-V #1 8.38 11.67 (39.8%) 9.23 9.67 (6.5%) BCS-S-V #2 14.96 10.12 
BCS-S-V* #1 9.26 

9.20 (0.9%) 
10.76 

10.66 (1.3%) BCS-S-V* #2 9.14 10.57 
BCS-D-V* #1 - - 10.09 10.10 (0.1%) BCS-D-V* #2 - 10.10 
PCS-S-V #1-1 10.18 10.38 (2.7%) 9.83 9.57 (3.9%) PCS-S-V #1-2 10.58 9.30 
PCS-S-V #2-1 9.75 

9.85 (1.4%) 
9.81 

9.78 (0.3%) PCS-S-V #2-2 9.95 9.76 
PCS-S-V #3-1 10.23 12.81 (28.4%) 9.23 9.31 (1.2%) 
PCS-S-V #3-2 15.38 9.39 
PCS-D-V #1 9.04 

9.48 (6.5%) 
9.01 

8.64 (6.1%) PCS-D-V #2 9.91 8.26 
PCS-TH-F #1 9.37 9.61 (3.5%) 9.68 9.54 (2.0%) PCS-TH-F #2 9.84 9.41 
CL3/75-V #1 10.41 11.59 (8.9%)   CL3/75-V #2 12.04  



Table 6. Summary of adhesive shear block tests in BCS-S panels. 

Specimen Spread rate of 
adhesive (g/m2) Bamboo wall-thickness area (mm2) Failure load (kN) Shear strength (MPa) 

BCS 1-1 

180 

19,330 25.4 1.31 
BCS 1-2 23,458 26.7 1.14 
BCS 1-3 24,174 17.8 0.74 
BCS 1-4 19,695 15.8 0.80 

AVE (COV)  21,664 (11%) 21.4 (25%) 0.99 (27%) 
BCS 2-1 

360 

18,715 22.4 1.20 
BCS 2-2 23,421 27.1 1.16 
BCS 2-3 21,365 26.6 1.25 
BCS 2-4 17,697 19.3 1.09 

AVE (COV)  20,299 (13%) 23.8 (16%) 1.17 (5%) 
BCS 3-1 

540 

24,913 27.7 1.11 
BCS 3-2 20,963 25.0 1.19 
BCS 3-3 26,089 31.7 1.21 
BCS 3-4 20,113 25.4 1.26 

AVE (COV)  23,019 (13%) 27.4 (11%) 1.19 (5%) 
 

 

 

 

 

 

 

 

 



Table 7. Four-point bending test results. 

Sample Pult (kN) Mult (kN.m) ϵcu/ϵcy ϵtu(exp)/ϵtu Failure mode Location of failure 

BCS-S-F 13.90 6.08 4.28 0.94 Skin failure  

BCS-S-F* 10.92 4.80 1.09 0.56 Biological attack (mold)  

BCS-D-F* 14.62 6.39 10.56 1.49 Skin failure  

PCS-S-F#1 20.78 9.02 1.95 0.71 Skin failure  

PCS-S-F#2 15.79 6.89 1.34 0.81 Skin failure  

PCS-S-F#3 16.44 7.16 1.00 0.49 Skin failure  

PCS-D-F 14.44 6.31 1.69 0.78 Skin failure  

PCS-TH-F#1 27.28 11.79 2.24 1.65 Interlaminar and tensile skin failure  

PCS-TH-F#2 30.29 13.08 1.30 1.10 Interlaminar and tensile skin failure  

CL3/75-F#1 38.59 16.63 0.83 0.46 Rolling shear  

CL3/75-F#2 34.70 14.97 1.23 0.49 Rolling shear followed by tensile failure  

 

 

 

 

 

 



Table 8. Bending stiffness of the panels obtained from the four-point bending test results. 

Sample 

EI ×109 

(N.mm2) 

(SG1) 

EI ×109 

(N.mm2) 

(SG2) 

EI ×109 

(N.mm2) 

(SG3) 

(EI)SG ×109 

(N.mm2) 

AVG. (COV) 

EI ×109 

(N.mm2) 

(δ1) 

EI ×109 

(N.mm2) 

(δ2) 

EI ×109 

(N.mm2) 

(δ3) 

(EI)δ ×109 

(N.mm2) 

AVG.(COV) 

w2/w1 

Eq. 

(8) 

BCS-S-F 60.68 83.01 56.04 66.58 (21.65%) 68.06 68.66 68.09 68.27 (0.50%) 0.04 

BCS-S-F* 93.16 69.13 89.80 84.03 (15.48%) 65.87 67.02 62.04 64.98 (4%) 0.42 

BCS-D-F* 62.33 57.46 69.65 63.15 (9.72%) 65.05 60.28 63.03 62.79 (3.81%) 0.42 

PCS-S-F #1 91.58 104.51 114.9 103.66 (11.27%) 95.77 100.55 95.66 97.31 (2.87%) 0.15 

PCS-S-F #2 96.42 103.79 84.42 94.88 (10.30%) 81.77 83.19 75.79 80.25 (4.89%) 0.28 

PCS-S-F #3 143.07 135.72 119.93 132.90 (8.90%) 107.70 109.22 107.64 108.19 (0.83%) 0.41 

PCS-D-F 66.36 68.76 70.17 68.43 (2.81%) 73.49 75.64 71.12 73.42 (3.08%) 0.06 

PCS-TH-F #1 151.85 138.26 139.68 143.26 (5.22%) 118.13 117.31 127.80 121.08 (4.82%) 0.26 

PCS-TH-F #2 143.52 127.95 143.63 138.36 (6.52%) 124.65 112.01 127.16 121.27 (6.70%) 0.25 

CL3/75-F #1 218.82 212.51 188.26 206.53 (7.81%) 172.27 147.41 146.69 155.46 (9.37%) 0.43 

CL3/75-F #2 216.05 202.50 135.28 184.61 (23.43%) 155.88 158.97 186.42 167.09 (10.06%) 0.46 

 

 

 

 

 

 

 

 

 



Table 9. Three-point (shear) test results. 

Sample Vult (kN) ϵtuexp/ϵtu τinterface (MPa) 
Eq. 9 τult/τCLT

ult γult (Rosette) 
(µmm/mm) 

Failure mode Location of 
failure 

BCS-S-V#1 13.7 0.33 1.15 1.10 1,230 Shear interface  

BCS-S-V#2 12.3 0.18 1.07 0.98 374 Shear interface  

BCS-S-V*#1 9.3 0.20 0.75 0.66 1,830 Interface due to mold attack  

BCS-S-V*#2 6.1 0.10 0.50 0.43 500 Interface due to mold attack  

BCS-D-V*#1 15.1 0.55 1.54 0.89 2,980 Shear interface  

BCS-D-V*#2 13.4 0.41 1.35 0.79 1,440 Shear interface  

PCS-S-V#1-1 38.3 - 0.81 0.85 - Skin shear failure  

PCS-S-V#1-2 24.1 0.37 0.53 0.53 1,000 Skin failure  

PCS-S-V#2-1 19.5 0.33 0.45 0.44 2,650 Indentation/ bond failure  

PCS-S-V#2-2 29.4 0.54 0.67 0.67 1,060 Indentation/ bond failure  

PCS-S-V#3-1 15.1 0.29 0.35 0.34 351 Indentation/ bond failure  

PCS-S-V#3-2 25.3 0.43 0.57 0.58 665 Indentation/ bond failure  

PCS-D-V#1 39.7 1.29 1.30 0.57 1,690 Plywood tensile failure  

PCS-D-V#2 26.4 0.78 0.84 0.38 1,210 Indentation/ bond failure  

CL3/75-V#1 49.8 0.31 N.A - 9,847 N.A  

CL3/75-V#2 62.0 0.46 N.A 1.0 34,837 Rolling shear failure  

 

 

 

 

 



Table 10. Comparison between the average test results of the panels.  

Panel w (Kg/m2) w/wCLT Mult/MCLT EI/EICLT Vult/VCLT (EI/EICLT)/(w/wCLT) 
CL3/75  35.56 1.0 1.0 1.0 1.0 1.0 
BCS-S  19.13 0.54 0.34 0.39 0.21 0.72 
BCS-D  20.14 0.57 0.40 0.32 0.23 0.57 
PCS-S  35.38 1.00 0.49 0.56 0.41 0.57 
PCS-D  36.33 1.02 0.40 0.35 0.53 0.34 
PCS-TH 33.29 0.94 0.79 0.72 - 0.77 

 

 

 



 

Fig. 1. Manufactured BCS, PCS and PCS-TH panels and commercially available CLT panel. 
 



 

(a) 

 

(b) 

 

(c) 

 

                                                      (d)                                      (e) 

Fig. 2. Fabrication process of the BCS and PCS panels showing; (a) panel components: peeler, 
bamboo culm and commercial plywood laminates, (b) bamboo and peeler core cuts, (c) bamboo and 

peeler core arrangement on plywood laminates, (d) placement of the panel on cold press, and (e) 
passing through the belt sander prior to manufacturing the second side. 

 

 



 

 

Fig. 3.  Cutting plan of the manufactured sandwich panels. 

 

 



 

 

(a) 

 

(b) 

Fig. 4. Material testing procedures: (a) tensile coupon test, and (b) non-destructive vibration test 
(BING) [42, 43]. 

 

 

 



 

 

 

 

Fig. 5. Shear bond tests of a BCS-S panel. 

 

 

 



 

 

 

(a) 

 

(b) 

Fig. 6. Four-point bending test set-up, (a) a schematic illustration, and (b) the experimental rig. 
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(b) 

Fig. 7.  Three-point tests, (a) schematic illustration, and (b) the experimental rig. 
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(b) 



 

(c) 

Fig. 8. Four-point bending test results, (a) load vs. mid-span displacement (raw data), (b) moment-
curvature (M-k) response using polynomial curve fitting of raw data from Eq. 4, and (c) moment-

curvature (M-k) response using strain gauge readings SG2 and SG4. 
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Fig. 9. Four-point bending test results, showing Moment vs. longitudinal strains: (a)-(c) single and 
double-layer BCS, (d)-(g) single and double-layer PCS, (h)-(i) PCS-TH, and (j)-(k) CLT panels. 
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(d) 

Fig. 10.  Four-point bending test results, showing failure modes of: (a) BCS, (b) PCS, (c) PCS-TH, 
and (d) CLT panels. 
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Fig. 11. Three-point shear test results; (a) single and double-layer BCS, (b) single and double-layer 
PCS, and (c) CLT panels. 
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Fig. 12. Shear force versus tensile 
strain response of the panels under 
three-point (shear) tests. 

Fig. 13. Shear force versus core 
shearing strain response under three-
point (shear) tests. 
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Fig. 14.  Three-point (shear) test results showing the failure modes in: (a) single and double-layer 
BCS, (b) single and double-layer PCS and (c) CLT panels. 
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