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Abstract:

The flexural stiffness and ultimate load capacity of novel ultralight composite sandwich
panels, made of plywood faces and bamboo or peeling cores are investigated herein.
Modified Ritz method and sandwich beam theory formulations for composite sandwich
panels with thick faces and thick/stiff cores are developed, and are used to find the bending
stiffness of the panels in one-way and two-way bending. The ultimate capacity and failure
modes of the panels are then predicted from nonlinear material and geometric finite element
analyses (FEA). The numerical methods are validated against published experimental results
of orthotropic composite sandwich panels. It is shown that at similar panel depths, the
proposed composite timber panels can be as high as 15% stiffer and 40% lighter than the
existing commercial cross-laminated timber (CLT) panels. Results of a parametric study on
selected composite panels with different yield stresses in compression, show that panels with
bamboo cores exhibit relatively more ductile behaviour compared to those with peeling cores.
At the ultimate flexural capacity, the tensile face of the panels fails in tension parallel to the

grain, while the compressive face almost reaches its yield capacity.
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1. Introduction

In structural engineering applications, sandwich panels are typically fabricated by attaching
two thin and stiff skins, to a lightweight, flexible and relatively thick core. Sandwich panels
are extensively used in automotive, aerospace, marine and industrial applications due to their
high strength-to-weight and stiffness-to-weight ratios. Recently, there has been a growing
trend in the construction industry to use sandwich structural elements for floors and load
bearing walls [1]. Common skin materials include thin metal sheets [2], fibre reinforced
polymer (FRP) composites [3], and in some structural applications, reinforced concrete [4].
Core materials include balsa wood [5], polymeric foams [6], Fibre Reinforced Polymer (FRP)
cores [7], metallic foams [8,9], and honeycomb cells [10]. With recent changes in legislations
and the growing trend towards tall mass-timber buildings, engineered wood products (EWP)
such as Cross-laminated Timber (CLT) have gained increased popularity in residential and
commercial construction in the form of slabs and load bearing walls. A CLT panel, (Fig. 1a.)
is comprised of an odd number of orthogonally bonded layers of solid sawn lumbers, which
are bonded using adhesive, nails or wooden dowels [11]. CLT is a lighter alternative
compared to concrete and composite concrete-steel slabs and walls. However, CLT is
susceptible to rolling shear failure [12], and the congestion of material in the vicinity of the
neutral axis, reduces the efficiency of CLT panels in flexure. Unlike CLT, in a sandwich
panel and with respect to bending characteristics, the material is efficiently distributed over
the cross-section.

Most of the existing composite sandwich panels use low-strength material such as foam in the
core component. In bending action, the role of the core is critical in transmitting the shear
between the face in compression and the one in tension. Therefore, sandwich panels with soft

cores are not optimal solution for structural members subject to bending actions such as slabs



[13]. To overcome this issue, several researchers have used high-density core material to
improve the load bearing capacity of the sandwich structures. Daniel and Abot [14] filled the
cells of a honeycomb core with epoxy to prevent premature shear failure of the composite
sandwich panels. Codyre and Fam [15] showed that doubling and tripling the foam core
density in sandwich panels with GFRP skins led to increases in peak load by 170%, due to
the enhanced composite action and reduced shear deformations. Mahfuz et al. [16] improved
the performance of composite sandwich panels under flexure by infusing titanium dioxide
(TiO2) nanoparticles into the parent polyethylene foam material to strengthen the core
structure. Their results showed that a 53% increase in the flexural strength could be attained
by infusing 3% loading of TiO2 nanoparticles in the core. However, such advantages
disappear as the floor spans become longer. Some researchers have proposed alternative
forms for sandwich panels, by introducing FRP stitches through foam cores to improve the
performance of the foam core [17,18]. The results show some improvements in the flexural
response and the stitches prevent the de-bonding of the core from the faces.

The previously mentioned studies [16,17] showed that the enhancement of the core material
significantly improves the performance of the composite sandwich panels. The drawback
however, is that the weight and the production cost of these composite sandwiches are also
significantly increased. To address these drawbacks, two novel lightweight sandwich panels,
namely; (a) Bamboo Core Sandwich (BCS) panel, and (b) Peeling Core Sandwich (PCS)
panel are proposed herein. The Bamboo Core Sandwich (BCS) panel is depicted in Fig. 1b
and is comprised of vertically aligned hollow bamboo rings (core) and commercial plywood
laminates (faces). The hollow bamboo rings are bonded to the face skins using a polyurethane
structural adhesive. Bamboo is a light sustainable natural material, can be harvested in 3—4

years from the time of planting, is recyclable and has mechanical properties comparable to



those of conventional building materials [19]. The Peeling Core Sandwich (PCS) panel is
shown in Fig. Ic. Similar to the BCS panel, the faces of the PCS panel are made from
commercial plywood laminates. The core is made up of peeling cores, which are the unused
products left from the wood log peeled into veneers in a lathe machine. Depending on the
specifications of the veneer log peeling lathe machine, the peeling cores may have diameters
of 40-120 mm [20].

In this paper, the flexural stiffness and ultimate strength of the proposed BCS and PCS panels
under uniformly distributed transverse load are investigated using a proposed Ritz method
and a validated FEA. In Section 2, a Ritz formulation (energy method), is developed that can
capture the flexural stiffness of sandwich panels with thick cores, in one-way and two-way
bending. The accuracy of the proposed Ritz-method is validated against published
experimental results of a Glass Fibre Reinforced Polymer (GFRP) sandwich panel in two-
way bending and, to the theoretical predictions of sandwich beam theory (Timoshenko beam
theory) in one-way bending. Using the developed Ritz method, effects of the thickness and
material properties of the plywood skins and height of the core, on the bending stiffness of
the panels are discussed in Section 3. The Ritz method is preferred to the FEA due to its
computational efficiency and is therefore used to carry out the parametric study on the
stiffness of the panels. The results are compared to the bending stiffness of commercially
available CLT panels of almost similar depths. In Section 4, the ultimate flexural strength and
failure modes of the BCS and PCS panels are calculated using FEA with nonlinear geometric

and material definitions.

2. Methodology and validation

2.1 The Ritz method



The flexural behaviour of the BCS and PCS panels under uniformly distributed loads, with
two-edge simply supported (one-way bending) and four-edge simply supported (two-way
bending) configurations is investigated using the Ritz method. To do so, a new formulation
for bending of sandwich orthotropic plates with thick core/thick face under transverse
deflection is derived. In this method, the total strain energy of the system, which consists of
the in-plane and shear strains of the core, membrane, shear and local bending strains of the
faces, is calculated. Small deflection theory is adopted and therefore, it is assumed that the
middle plane of the orthotropic plate does not stretch under transverse deflections. Due to the
difference in stiffness of the core compared to the plywood faces, the strain energy terms
incorporate the shearing strain of the core in orthogonal directions and purely in-plane
shearing strain of the faces. Unlike existing formulation for sandwich panels with soft cores,
in derivation of the Ritz equations herein, the flexural rigidity of the cores of the BCS and
PCS panels are not neglected. Also, to be able to extend the Ritz formulation to BCS and
PCS panels with thick faces, the local bending stiffness of the faces are considered. By
assuming an appropriate expression for the deflection of the orthotropic plate and considering
the boundary conditions of the panels, the total energy of the system is obtained by adding
the total strain energy of the deformed panel and the potential energy of the applied load. The
deflected configuration that corresponds to the minimum total energy in the panel under
assumed transverse load is obtained, and the corresponding mid-span deflection of the panel
is calculated. The flexural stiffness of the BCS and PCS panel is obtained by finding the
slope of the corresponding load-deflection curve. The problem formulation is discussed

herein.

Displacements and Strains



Schematic view of the panels are shown in Fig. 1b and 1lc. The load is assumed to be applied
on the top face and in the positive z direction. The displacement in the x, y and z directions
are denoted with u, v and w respectively. A section of the deflected panel parallel with the xz
plane, after undergoing a displacement in the z direction is shown in Fig. 2. During the
subsequent displacement, if there were no shear strains, the line abcde, which is normal to
the centre line of the undeformed panel, would rotate through an angle dw/dx to the position
a'b'c'd’e’ and would remain normal to the centre line of the sandwich panel. In the BCS and
PCS panels, the cores are not soft and contribute to the flexural rigidity of the composite
panel. Therefore, the line abcde moves to a new position a"b"c'd"e" during the subsequent

displacement. Since the shear strains in the faces are assumed to be negligible, the lines a"b"
and d"e" remain parallel with a’b’c’d’e’. The angle d’c'd" is equal to the shear strain y and
d"c’z is denoted with 1 (0w/0x). The quantity 4 may take any value between +1 and —%
(t<c), where c is the core height and t is the face thickness. The value A = +1 applies when
y = 0 and the panel behaves as composite beam. The other extreme, A = —E represents a
sandwich panel with a core so flexible in shear that cannot provide any connection between
the two faces [21]. For an orthotropic plate, a similar diagram may be drawn for the yz plane
(not shown here) to obtain the displacement in y direction. In this case, p would be a

parameter such that a line in the core, which is originally vertical, rotates in the yz plane

through an angle p (dw/dy).

The displacements u and v in x and y directions of any point within the deformed sandwich

panel and with respect to the notations presented in Fig. 2 can be obtained as follows:

Displacement field in the core
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where h is the overall depth of the panel as shown in Fig. 2. The expressions for the strains
are obtained by differentiation of the above displacements u and v within the corresponding

displacement fields. The longitudinal strains € and shear strains y in the core are

ou o*w
n Zoe @
& —- z,uﬂv (4b)
Yy ay ay2
Ju ow ow
C 7477 = - - 4
Vax 0z ¥ ox (1-4) ox (%)



ov ow ow
= +— =1 - —
Ve 2 oy ( ”)ay (4d)
ou ov 0°w
=ML N - ()
i 6y+6x 2(A+4) Xy (4e)

The strains in the faces consist of the longitudinal membrane strains €fm  shear membrane
strains /™, and local bending strains €/%.Membrane strains at the middle plane of the faces

are obtained by differentiation of Eqgs. 3a and 3b
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The X displacement of any point z in the lower face with respect to the middle plane of the

lower face is
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The corresponding local bending strains and shear strain in the lower face are
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The total direct strain in the faces is calculated by adding the membrane and local bending
strains. The total direct strain in the lower face in x direction €, is the sum of the Egs. 5a and

6c, and in the y direction €,, is the sum of Egs. 5b and 6d.

Energy equation

The strain energy per unit volume of the faces Uyis calculated by adding the total strain
energy and shear strain energy of the lower and upper faces
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where Ey, E,, are the elastic moduli, Gy, G,;, Gy, are the shear moduli and vy,,, vy, are the
Poisson’s ratios of the faces. €, and €,, are the total direct strains in the lower face in X and y
directions and g = (1 — vxyVy,). The factor of two in Eq. 7 accounts for the strain energy of
the upper face. It should be noted that, when the plywood faces are shallow in proportion to
their spans, the shear strain energy in zx and yz planes can be neglected. Similarly, the strain
energy per unit volume of the core U, is obtained by adding the longitudinal and shear strain

energies, obtained from the strain expressions defined in Eq. 4:
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Unlike previous studies with flexible core materials which neglect the core stiffness, Eq. 8
includes the in-plane stiffness of the core. The shear stiffness in the xy plane of the core is
also considered in the present model. The strain energy due to direct stresses and strains in
the z direction is neglected due to high stiffness of the core materials in z direction (low

possibility of significant flattening or squashing) and small intensity of the transverse load.

The numerical integrations in Eqs. 7-8 are carried out over the volume of the face and core
respectively. The numerical integration of Eq. 7 (in the faces) is straightforward, because the
volume of the faces does not change in the xy plane. However, the in-plane (xy plane) cross-
sectional areas of the bamboo and peeling cores vary across the panel. To simplify the
numerical integration of Eq. 8, the factors Kz and Kp are introduced to define the ratio of the
core material to the total volume of the core, in the BCS and PCS panels, respectively. These

factors are multiplied by the modulus of elasticity and shear modulus of the core in Eq. 8.
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where R and r are the outer radius and inner radius of the hollow bamboo sections,
respectively and D is the diameter of the peeling core. The total number of bamboo rings or

peeling cylinders within the panel with length of a and width of b is equal to n.
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Total potential energy

The change of potential energy associated with the deformation of the orthotropic sandwich

plate under uniform transverse load q,,;; is
ab
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The load q,,,; can be represented by a double Fourier series expansion
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where a and b are the length and width of the panel shown in Fig. 1. A point load can be
regarded as a local pressure applied over a small rectangular area with length a’ and width b’,
at the centre of the panel located at (y,7)), and can be shown in following double Fourier

series format
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To thoroughly validate the method for the one-way and two-way bending deformations of the
panels, two-edge simply supported and four-edge simply supported boundary conditions are
adopted. Knowing that deflection and bending moments vanish at the simply supported
edges, the following expressions for the deflected shapes are assumed for the two-way

bending (four-edge simply supported)
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where a,,, is the deflection amplitude at the middle of the panel (x = a/2 ,y = b/2). The
total energy of system //= Us +U+V and is equal to the summation of Egs.7, 8 and 10. I is a
function of a,,;,, A and Q. In the Ritz method, the stable deflected shape corresponds to the
values of a,,,,, 4 and p , which minimise the total energy II. These values are calculated by

solving the following system of equations in MATLAB [22]
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2.2 Sandwich beam theory

Narrow BCS and PCS panels act in one-way bending under transverse loads. Therefore,
deflections of such panels can be approximated using Timoshenko beam theory [23]. The

model takes into account rotational bending and shear deformation effects. The total elastic

12



displacement of the mid-span of a simply supported narrow sandwich panel (A) is the sum of

flexural (w;) and shear (w,) deformations:
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where q is the uniformly distributed load, (ET).q and (AG),, are the equivalent flexural and
shear rigidities, respectively, and k is the Timoshenko shear coefficient. The flexural rigidity
of the BCS or PCS narrow panels is the sum of the bending rigidities of the plywood faces
and the bamboo/peeling cores
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where Er and E are the elastic modulus of the plywood faces and the core in the span
direction, respectively. The width of the faces and the core are represented by b and b, in Eq.
16, respectively. In the BCS panel at any given cross-section cut along the span (parallel to
the yz plane in Fig. 1b), b, is almost equal to 2en,,,, where e is the bamboo wall-thickness
and n,,, is the number of bamboos across the width of the panel (Fig. 1b). In the PCS panel,
the width of the core (b.) varies along the span at various x-coordinates. A cut-through
single peeling core (parallel to the yz plane) of the PCS panel is depicted in Fig. 3a. Since the
third term in Eq. 17 corresponds to the flexural rigidity of the core, it is meaningful to find an
equivalent core width b, based on the moment of inertia of the peeling core at the cut-

section.

13
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where Dy is the thickness of a peeling core (Fig. 3a), cut at distance § away from an edge, and
Ny, is the number of peeling cores with radius R, along the width of the PCS panel (Fig. 1c).

The deformation due to shear (w, in Eq. 16), is calculated with respect to a tilted deformed
section of the narrow panel shown in Fig. 3b. The shear strain y is assumed to be constant

through the core height. Under a transverse load, the faces and the longitudinal centre-line of
the narrow panel tilt, and the relation between the slope of the panel % and the core shear

strain y is obtained from Fig. 3b. As seen in the diagram yc = c¢f = de. Hence
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For a composite panel the shear stress can be expressed as [21]
Q
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where (ET).q is the flexural rigidity of the entire section (Eq. 17), S; and E; represent the first
moment of area and modulus of elasticity of the face or the core, and Q is the shear force at
the section. By substituting (EI)., from Eq. 17 and y from Eq. 19, into Eq. 20, the shear

stress at any point within the core, at a distance z from the centre of the core is

14
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The shear stress distribution in the core is assumed to be constant and equal to average of the
shear stress at the bottom of the face (z = ¢/2) and shear stress at the centre of the core
(z = 0). Thus, the shear rigidity of the core and corresponding Timoshenko shear coefficients

for BCS and PCS panels are

(AG)g = (b,0)G,
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It should be noted that most of CLT floor slabs have dimensions of proportion a/b > 2 (Fig.

(22)

la), and are thus assumed to exhibit one-way bending. The same Timoshenko beam
formulation (Eq. 16) known as the shear analogy method [24], is widely used in practice to
calculate the deflection of the CLT panels. The flexural and shear rigidities of the CLT panel

are
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where E; is the modulus of elasticity and b; and h; are the width and thickness of each

(AG) =

individual layer, respectively. z; is the distance between the centre axis of each individual
layer and the neutral axis of the entire cross-section of the CLT panel (Fig. 1a). G; and A; are

the shear modulus and the area of cross-section of each individual layer, d, is the distance

15



between the two centre axes of the top and bottom layers of the entire cross-section. h,, and
G, are the thickness and the shear modulus of the surface layer, respectively. The

Timoshenko shear coefficient of CLT panel k is equal to 1.2 [25].

2.3 Validation of the Ritz and the Sandwich beam theory methods

2.3.1 One-way bending

The flexural responses of BCS and PCS narrow panels in one-way bending under uniformly
distributed load, from the Ritz method (Section 2.1) and the sandwich beam theory (Section
2.2) are compared in Fig. 4a. To do so, double layer BCS and PCS panels with length of 6 m
and width of 1 m are considered. The panels are consisted of plywood ID 21-30-9 (described
in Section 3.1) with a total thickness of 42 mm, and core depth of 200 mm. The outer radius
of the bamboo and peeling cores (R) are 50 mm and the wall-thickness of bamboo (¢e) is 10
mm. The material properties of the core materials and plywood faces are represented in Table
1 and Table 2, respectively. As shown in Fig. 4a, the results from the proposed Ritz method

and the sandwich beam theory almost coincide.

2.3.2 Two-way bending

The Ritz method proposed in Section 2.1 is validated against experimental results of a square
600x600 mm Glass Fibre Reinforced Polymer (GFRP) orthotropic sandwich panel reported
in [26]. The sandwich panel used in the experimental study [26] is shown in Fig. 4b, and is
made of glass fibre composite faces with wall thickness of 3 mm and a toughened phenol
formaldehyde resin core with depth of 12 mm. The orthotropic material properties of the
GFRP faces are represented in Table 1. The isotropic core has a modulus of elasticity 1,350
MPa and shear modulus of 746 MPa. In the experimental study, the panel was simply

supported on four sides using steel screws that fixed the GFRP sandwich slab to the timber
16



(two-way bending). A point load was applied via a 100x100 mm steel plate, positioned at the
centre of the panel. The load-deflection responses of the GFRP slab from the experimental
results and the proposed Ritz method are presented in Fig. 4b. A reasonable correlation is
observed between the Ritz method and the experimental results within the linear region. The
difference between stiffness found from the experimental test and the Ritz method is less than

4%.

3. Flexural stiffness of the BCS and PCS panelsin one-way and two-way bending

A parametric study is carried out in this section to investigate the influence of face thickness
(t) and core height (c), on the flexural stiffness of the BCS and PCS panels in one-way (two-
edge simply supported) and two-way (four-edge simply supported) bending. The flexural
stiffness of the panels are obtained using the proposed Ritz method (Section 2.1), and are
compared against those of CLT panels with almost identical depths, using the sandwich beam

theory (shear analogy method), defined in Section 2.2.

3.1 The labelling scheme and the material properties of the panels

In the study that follows, three different structural plywood IDs are adopted for the faces of
the panels, based on standard structural plywood construction in Australian/New Zealand
standard [27]. The selected plywood IDs are 18-30-7, 21-30-9 and 25-30-9. The numbering
sequence in the ID gives, the nominal plywood thickness, the face veneer thickness
multiplied by 10, and the number of plies in the assembly. For instance, Plywood ID 18-30-7
in Table 2, describes 18 mm thick plywood, made of 3 mm thick veneers on the top and
bottom plies, and total number of 7 plies. The nominal thickness of individual plies through
the assembly is listed in Table 2. To increase the flexural stiffness of the panels, two
plywoods of the same ID are glued together to construct the faces of the panels. Such panels

are noted as double layer BCS/PCS panels herein. The double layer BCS/PCS panels have
17



the same core depth as the single layer panels. For instance, to make a double layer BCS 18-
30-7 panel, plywoods with nominal thickness of 18 mm, face veneer thickness of 3 mm,
made of 7 plies are glued to the top and bottom faces of the single layer BCS 18-30-7 panel.
Therefore, a double layer BCS 18-30-7 panel consists of plywood faces of 36 mm with 14
plies. It should be noted that in classical sandwich panel theory, panels with d/t < 5.77 are
categorised as sandwich panels with thick faces and those with 5.77 < d/t < 100 are
considered thin face (d = ¢ + t). All the single and double layer BCS/PCS panels used in
this study have 5.77 < d/t < 14.89, which suggest that the proposed BCS/PCS panels have
relatively thick faces. The outer radius of the bamboo and peeling cores are 50 mm and the
wall-thickness of bamboo is 10 mm in all the models. The material properties of the core
materials and plywood plies in BCS and PCS panels are shown in Table 1. The x, y and z
directions correspond to the longitudinal (parallel to fibres), tangential and radial direction,
respectively. The plywood plies are assumed to be made of plantation pine (Pinus Radiata)
and the material properties are taken from [28]. The properties of bamboo are taken as the
average values of Moso bamboo (Phyllostachys pubescens) reported in [29]. To find the
mechanical properties of the plywood faces from orthotropic properties of each ply (Radiata
plies), the OSULaminates tool, which is a Java application developed by Oregon State
University for analysis of laminated plates [30] is utilised. OSULaminates uses classical
laminate theory [31] to calculate the axial and bending rigidity of a laminated plate based on
the properties of its individual layers. The material properties of the plywood laminate faces
obtained by OSULaminate, comprised of Radiata plies with properties listed in Table 1, are

presented in Table 2.

For sake of comparison, two commercial CLT panels, CL7/295 and CL7/315 are selected

from XLam CLT products [31]. The CL7/295 and CL7/315 panels consist of seven layers of
18



sawn boards with a total thickness of 295 mm and 315 mm, respectively. The two outermost
layers (1 and 7) and the middle layers (3 and 5) shown in Fig. la, are aligned in the span
direction, and other layers are perpendicular to the span direction. The material properties of
the CLT panel laminations are represented in Table 3 and are taken from XLam design guide

[32].

3.2. Flexural stiffness of the narrow panels (one-way bending)

Flexural responses of the BCS and PCS panels in one-way bending under a uniformly
distributed load of 5 kPa are investigated using the Ritz method. The panels have lengths of
4, 6 and 7 meters (a in Fig.1), width of 1 meter (b in Fig. 1), and are simply supported at
either ends (at X=0 and Xx=a in Fig. 1). To study the effect of face thickness and core depth on
the flexural response of the BCS panels in one-way bending, different BCS 18-30-7 panels
are examined. Results of the mid-span deflection (A) of the panels with spans of 4, 6 and 7
meters, and under a uniformly distributed load of 5 kPa are plotted against the core depth (C)
in Fig. 5. As shown in Fig. 5, the mid-span deflections of the double layer panels are much
lower than the single layer panels of the same core depth (c). The differences in the mid-span
deflections are more noticeable in longer spans. In addition, it is evident from Fig. 5 that the
mid-span deflection of the double layer panels are less sensitive to the core depth (c),

compared to the single layer panels.

Mid-span deflection versus the total depth (h) of the BCS panels with different face
configurations, namely; BCS 18-30-7, BCS 21-30-9 and BCS 25-30-9 and under a uniformly
distributed load of 5 kPa are presented in Fig. 6. The data points shown in black and red
correspond to the single layer and double layer BCS panels, respectively. The target

deflections for the BCS panels are shown with the dashed lines in each curve, and correspond
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to the deflection of CL7/295 in the 4 and 6 m panels, and to the deflection of CL7/315 in the
7 m panel under 5 kPa uniformly distributed load. To reach the target deflection, total depth
of the single layer BCS panel (h = 2t + ¢) is enlarged by increasing the core height (c). As
shown in Figs. 6a, b and ¢ by increasing the core height, the deflection of the single layer
BCS panel is reduced. However, deflections of the single layer BCS panels only get smaller
than the CLT panel, when the depth of the BCS panel exceeds the depth of the target CLT
panel. Optimal results are obtained in double layer BCS panels (red data points in Fig. 6).
The minimum deflections correspond to the double layer BCS 21-30-9 panels. At almost
similar deflections, the depth (h) of the BCS 21-30-9 panel is 4% lower than the CLT panel
(CL7/295) in 4 and 6m spans, and 7% lower smaller than the depth of the CLT panel
(CL7/315) in the 7 m span. This ideal result is associated with the higher MOE of the faces of

the double layer BCS 21-30-9 panel in the longitudinal direction, as represented in Table 2.

In Figs. 7a-7c, mid-span deflections of the BCS 21-30-9 panels are compared against PCS
panels of similar specifications and are benchmarked against their commercial CLT
competitors. Regardless of the span lengths, the PCS 21-30-9 panel exhibits smallest
deflections. At similar panel depth of h =284 mm, the deflection of the PCS 21-30-9 panels
are 16%, 10% and 8% lower than the BCS 21-30-9 panels, in 4, 6 and 7 m spans,

respectively.

Shear to flexure deformation ratios (Wo/w;) of BCS 21-30-9, PCS 21-30-9 and CL7/295
panels in one-way bending and under a uniform distributed load of 5 kPa are shown in Fig. 8.
Contribution of shear and flexure in total deformation of the panels in one-way bending are
calculated using the beam sandwich theory (Section 2.2). As shown in Fig. 8, at small aspect
ratios (a/b<2), there is significant shear contribution. This is more evident in the CLT and

BCS panels. At larger aspect ratios (a/b>5), the shear contributions almost vanish. In the PCS
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panel, the Wo/w; is consistently smaller than one, and becomes negligible at a/b>3. The
Timoshenko beam coefficients of the BCS and PCS panels are 0.817 and 0.815, respectively,
and are much smaller than the coefficient 1.2 of the CLT panels. Using the Ritz method, in
one-way bending, the shear angle factor 1 (see Section 2.1), are found to be between 0.77-
0.95 in the BCS panels, and between 0.92-0.98 in the PCS panels. It can be construed that
due to the high stiffness of the peeling cores, the shear strain ¥ of the PCS cores, are almost

equal to zero and thus, the panels behave similar to a composite panel.

3.3. Flexural stiffness of the wide panels (two-way bending)

Two-way flexural behaviour of the proposed sandwich panels under a 5 kPa uniformly
distributed load is investigated, by modelling 6x8 m panels with three different face
configurations (similar to narrows panels), by means of the Ritz method. Mid-span
deflections of the BCS and CLT panels (deflection at the centre of the panel) are plotted
against the corresponding panel depths in Fig. 9a. Similar to the one-way bending response,
the double layer BCS 21-30-9 panel yields the optimum results. At the target deflection (7.64

mm), the depth of the double-layer BCS 21-30-9 panel is 4% smaller than the CL7/295 panel.

Mid-span deflections of the BCS panels in two-way bending are compared against the PCS
panels in Fig. 9b. Single layer PCS 21-30-9 and PCS 25-30-9 panels show smaller deflections
compared to the single-layer BCS 21-30-9 panel. However, the optimum results in two-way
bending is obtained by using double layer PCS 18-30-7 panel. At the target deflection (7.64
mm), panel depth of the double layer PCS 18-30-7 is h=272 mm, compared to h=295 mm in
the CL7/295 panel. In two-way bending, the BCS panels have shear angle factors A and p
between 0.86-0.97 and 0.90-0.98, respectively. The A and p factors in the PCS panels, under

two-way bending range between 0.96 and 0.99.
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34  Efficiency of the BCSand PCS panels in comparison with the CLT panels

Geometric properties of the BCS and PCS panels, commercial CLT panels and their
corresponding deflections, weight and stiffness ratios are represented in Table 4. The
deflections of the CLT panels are calculated based on the sandwich beam theory (shear
analogy method) and are compared with the deflections of selected BCS/PCS panels obtained
from the Ritz method. Due to their optimal flexural behaviour, double layer BCS 21-30-9,
double layer PCS 18-30-9 and double layer PCS 21-30-9 panels are selected. The stiffness of
the panel (K) in Table 4 is calculated by inversing the mid-span deflection of the panel under

the uniformly distributed load.

As represented in Table 4, in one-way bending (a/b>2), the BCS panel has stiffness between
6-17% higher than the CLT panel. The ratio between the stiffness of the CLT and the BCS
panels, varies with the corresponding change in the aspect ratio (a/b). This is due to the fact
that, in smaller aspect ratios, the contribution of the shear deformation (W, in Fig. 8) is more
significant in CLT, which makes it less efficient compared to the BCS panel. As the aspect
ratio (a/b) becomes larger, the shear contribution is decreased and the difference between
stiffness of CLT and BCS panels becomes less significant. The stiffness of the PCS panels
are larger than the CLT panels at all aspect ratios in one-way bending. A 25% increase in
stiffness is obtained in PCS 21-30-9 with aspect ratio of 6, compared to the CLT. In two-way
bending (6 X 8 m panel), the stiffness of the BCS and PCS panels are about 20% and 30%
larger than the CLT. The panel depth of PCS 18-30-7 is 4% lower than BCS 21-30-9 panel,

and 8% lower than the CLT panel.

The selected BCS and PCS panels represented in Table 4, weigh about 40% and 20% less

than the CLT panel, respectively. The BCS panels are in average 23% lighter than the PCS
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panels. In the BCS panels, the weight of the core is 85% of the weight of the faces. On the
other hand, in the PCS panels, the core weighs almost twice the faces. This suggests that the
BCS panels are the favourable sandwich products in terms of the material used in the core

compared to the PCS panels.

4. Ultimate strength of the BCS and PCS panels

4.1 Finite Element model and validation

The ultimate flexural capacity of the BCS and PCS panels are studied using the commercial
finite element analysis (FEA) software, ANSYS 17.0 [33]. The FE model is validated against
the experimental results of the 600 X 600 mm Glass Fibre Reinforce Polymer (GFRP)
sandwich panel, reported in [26] and discussed in Section 2.3. Orthotropic-elastic and
isotropic elastic material properties are adopted for the GFRP faces and the modified
phenolic core, respectively in the FEA. These are meshed with eight-node solid elements.
The core and GFRP faces are bonded using no slippage contact definition in the FEA. The
orthotropic material properties of the GFRP faces are represented in Table 1 and the isotropic
core properties are reported in Section 2.3. Due to symmetry, only a quarter of the panel is
modelled and simply supported boundary conditions are imposed on the edges. Uniform
pressure is gradually applied over a 100 X 100 X 1 mm steel plate (E =200 GPa) at the
centre of the panel, similar to the loading procedure in the test [26]. The FEA result using
nonlinear geometric analysis is shown in Fig. 4b, and is in a good agreement with the

experimental results.

Using the validated FEA, double layer BCS 21-30-9 and PCS 21-30-9 panels, with
dimensions of 6 X 1 m are modelled. The height of the bamboo and peeling cores are 200

mm and the total panel depth is 284 mm. The wall-thickness of the bamboo cores are 10 mm
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and the radius of the bamboo and peeling cores are 50 mm. Eight-node solid 186 elements
[33], with three degrees of freedom at each node are utilised to model the plywood veneers
and the bamboo/ peeling cores. A schematic view of a short length of the FE mesh of the
BCS and PCS panels are shown in Fig. 10a. Perfect bond contact definitions are adopted to
model the contact between the plywood veneers, and between the cores and the faces. To
account for the possible contact between the faces of the bamboo or peeling cores, bonded
contact is defined between the core faces. Based on results from a convergence study, the
faces and the cores are discretised with element length of 20 mm. Plywood veneers have one
element along the veneer thickness, and the bamboo and the peeling cores are discretised
with two and eight elements along the thickness, respectively (Fig. 10a). Using symmetry,
only a quarter of the panel (3x0.5 m) is modelled in the FEA, and simply supported and

symmetry conditions are imposed on the edges.

4.2 Material propertiesand failure criteria

The elastic material properties of bamboo, peeling core and Radiata ply veneers used in the
FEA, are similar to those adopted in the Ritz method and are represented in Table 1. The x,
y and z directions correspond to the longitudinal (parallel to the fibres), tangential and radial
directions, respectively. The material properties are assigned to the PCS and BCS panels in
the FEA, using a Cartesian coordinate system and to the cores via a cylindrical coordinate
system. The bamboo/peeling cores are deemed to remain in the elastic region and thus,
orthotropic elastic material definition is assumed in the cores. Material properties of the core
are assumed to be identical in radial and tangential directions (transverse isotropic

behaviour), as represented in Table 1.
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In tension, the behaviour of timber is rather brittle [34] and the capacity in the direction
perpendicular-to-grain ( ) is much lower than in the direction parallel-to-grain (11). The
maximum normal stress criterion, which is an acceptable failure criterion for anisotropic
brittle materials [35], is adopted for the failure of Radiata in tension (the face in tension). The
timber is assumed to fail in tension when any one of the stresses in the principal material
directions exceeds the material strength in that direction. This assumes that failure is
independently controlled by each stress type and it is not a function of interaction between

stresses. A schematic view of the material definition in tension is shown in Fig. 10b. The

timber tensile strength values are adopted in the FEA: a;L =27 MPa, and o;,, =0.5 MPa [36,
37]. It should be noted that the variability of wood is high and the determination of values can

influence the results of simulation.

In compression, timber exhibits relatively ductile behaviour [34] which can be represented
with elastic-plastic material constitutive laws. To account for plastic behaviour of Radiata
venners (faces) in compression, the Hill yield criterion [38] is used. Hill criterion [38] is an
extended formulation of the Von-Mises yield criterion, which accounts for the anisotropy of
the material. The elastic-plastic stress-strain relationship of timber in compression used in the

FEA is shown in Fig. 10b. The stress potential in the Hill criterion is expressed as

0,=\Fu(0,-0,) +F. (0, -0.) +Fa(0, =) #IN,T, 42N, T2, 2N, 7 24)

Xy 23%yz 31" xz

where F; (i =1, 2,3) and N, (i #j= 12, 3) are constants obtained from the material tests

conducted in different orientations
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where al?l.' and aij]/- correspond to the normal and shear yield stresses, and subscripts 1, 2 and 3,
are associated with the longitudinal, tangential and radial directions, respectively. R;; are the

yield ratios which relate the yield level for stress components o7,

i to the reference yield

stress g, of the material. The yield ratios are defined as follows:

o4
—L ifi=j

R =1 " (26a)

y
L ifi#]

SRS

_ 0-0
= (26b)

In the current Study, Rll = 1, RZZ = 0.25, R33 = 0.26, Rlz = R13 = 0.9, R23 = 0.66 and the
reference yield stress g, =18, 21 and 30 MPa with tangent modulus of E; =345 MPa are

adopted [39].
4.3 FEA results

The load vs. mid-span deflection responses of the 6 X 1 m, double layer BCS and PCS panels
are shown in Fig. 11, and the stress ratios at failure and corresponding failure modes are

represented in Table 5. The solid lines in Fig. 11, correspond to the Ritz method results based
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on linear orthotropic material properties, and small deflection theory. The dashed lines are
associated with the FEA results with different reference yield stress (o). The FEA curves are
stopped when the failure is reached. All the investigated panels experienced failure in tension
parallel to the grain. As shown in Fig. 11, the slopes of the load-deflection responses from the
Ritz method and the FEA match perfectly for deflections up to 6 mm (4/L =0.001). Beyond
this point, the nonlinear geometric behaviour is observed in the FEA results. The contribution
of the nonlinear material behaviour corresponding to the faces in compression, is only
observed at very large deflections. At similar reference yield stress o, =18 MPa, the material
nonlinearity commences at deflections beyond 40 mm in BCS (4/L =0.007) and, 35 mm in
the PCS panels (4/L =0.006), respectively. As the g, value is decreased, the plateau region
of the load-deflection curve prior to the ultimate load is extended. This is more evident in the
BCS response, and suggests relatively more ductile behaviour in the BCS panels compared to

the PCS panels.

The ultimate capacities (q,,) of the panels obtained from the FEA are represented in Table 5.
The largest capacity is q,, =48.24 kPa, corresponds to the PCS panel with g, =30 MPa, and
is 27% larger than the capacity of the BCS panel with the same reference yield stress (op).
However, the PCS 21-30-9 panel is 30 % heavier than BCS 21-30-9 panel according to the
weight ratios of Table 4 with a =6 m and b =1 m. As the oy value is decreased, the

ultimate capacity of the panel decreases. This drop in the ultimate capacity is more evident in

the PCS panel. As represented in Table 5, at the failure point(c™ / 0;11 = 1.0), the panels
almost reach the ultimate capacity in tension perpendicular to the grain. The largest capacities

are observed in panels with the highest g, =30 MPa. In these panels the face in tension fails
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due to the normal stress in direction parallel to the grain exceeding the capacity, agl, while

the face in compression has not reached the yield point.

5. Conclusions

The flexural stiffness and ultimate load capacity of novel ultralight composite sandwich
panels, namely; (a) Bamboo Core Sandwich (BCS) panel, and (b) Peeling Core Sandwich
(PCS) panel were investigated. A modified Ritz method was developed herein, which unlike
previous formulations of sandwich orthotropic plates, accounts for the local bending stiffness
of the faces (thick face) and the flexural rigidity of the cores (thick-stiff core) of the BCS and
PCS panels. Results of the Ritz method were compared against predictions of a sandwich
beam theory (Timoshenko beam) and were validated against published experimental results.
Using the validated Ritz method, bending stiffness of the BCS and PCS panels were
compared with CLT panels of almost similar depths. Ultimate capacities of the panels were
obtained from FEA, which accounts for nonlinear geometric and material effects. It was
understood that in one-way bending, the studied PCS panels of different lengths are in
average 10% stiffer than the BCS panels. The Timoshenko beam coefficients of the BCS and
PCS panels were found to be 0.817 and 0.815, respectively, which are much smaller than the
coefficient 1.2 for the CLT panels. Using the validated FEA, the ultimate capacity of the
6 X 1 m PCS panel was found to be 27% larger than the capacity of the BCS panel. These
numbers should be interpreted with regards to the 30% larger weight of the PCS compared to
its counterpart BCS panel. The stiffness of BCS and PCS panels can get as high as 17% and
25% of the stiffness of the CLT panels with similar panel depths, respectively. In two-way
bending (6 X 8 m panel), the stiffness of the BCS and PCS panels are 20% and 29% larger
than the CLT at almost similar panel depth. The mentioned BCS and PCS panels are almost

40% and 20% lighter than their competitive CLT panel (CL7/295). The FEA results showed
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that in all the studied BCS/PCS panels, failure occurred in tension parallel to the grain.
Further experimental studies are planned to manufacture and test the BCS and PCS panels
and to obtain the ultimate capacity and optimised geometric configuration of the cores within

the panel.
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Table 1. Material properties of bamboo, peeling cores and Radiata Pine used in the BCS and PCS panels

Material Ey (MPa) Ey (MPa) E,(MPa)  Gyxy (MPa)  Gyz(MPa) Gy (MPa) Oxy Vyz Vxz 8{2‘/‘;?)’
Bamboo core 10,500 1,260 1,260 630 630 630 03 0.3 0.3 740
Peeling core 10,500 1,260 1,260 630 630 630 03 0.3 0.3 440
Radiata ply 15,070 678 1L115 798 150 829 0.444 0387  0.392 590
GFRP (faces) 11,750 9,650 9,650 2,465 2,173 2,173 0.3 0.3 0.3 _

Table 2. Material properties of the BCS and PCS faces calculated from the classical laminate theory [30]

MOE MOE . , . Nominal thickness of individual
. Shear Modulus Poisson’s ratio . .
Panel ID Longitudinal Transverse (MPa) (in yx- plane) plies through the single layer

(MPa) (MPa) In yx- plane assembly (mm)

18-30-7 single layer 9,382 6,483 799 0.03

18-30-7 double layer 9,832 6,483 799 0.03 3.072.412.412.42.:4/2.413.0

21-30-9 single layer 11,037 4,827 799 0.06

21-30-9 double layer 11,037 4.827 799 0.06 3.0/1.5/3.0/1.5/3.0/1.5/3.0/1.5/3.0

25-30-9 single layer 8,278 7,588 799 0.03

25-30-9 double layer 8.278 7.588 799 0.03 3.0/2.4/3.0/2.4/3.0/2.4/3.0/2.4/3.0




Table 3. Material properties of the CLT laminations and selected panels taken from XLam product sheet [32]

MOE Longitudinal MOE Transverse Shear Modulus Shear' Modulus
(MPa) (MPa) (parallel to span) (perpendicular to span)
(MPa) (MPa)
External laminations 8,000 360 440 80
Internal laminations 6,000 270 330 60
CL7/295 4,376 2,531 364 -
CL7/315 4,116 2,752 362 -

Table 4. Properties of the BCS, PCS and CLT panels and corresponding weight and stiffness ratios

Dimensions CLT BCS PCS Ratios
a (m) b (m) (?5;5 (:;/CI;E) (lrlgrc;) (ii(:) DIZ;:rle (}IIII;IC;) (i;cns) Dlg;l:rle WscsyWcLn KeesKery  WeesyWerny  KeesyKern
4.0 1.0 295 151 284 200 21-30-9 272 200 18-30-7 0.61 1.17 0.79 1.01
6.0 1.0 295 151 284 200 21-30-9 284 200 21-30-9 0.61 1.13 0.79 1.25
7.0 1.0 315 161.2 294 210 21-30-9 284 200 21-30-9 0.58 1.06 0.74 1.07
6.0 8.0 295 151 284 200 21-30-9 272 200 18-30-7 0.61 1.20 0.79 1.29




Table 5. Modes of failure for BCS (21-30-9) and PCS (21-30-9) panels under one-way bending

Panel ID

Oy

qQu 0 0 0 0 .
(Double layer) (MPs) (kPa) olo, o0 /0, o,/ o, Failure mode

BCS 21-30-9 30 38.09 1.0 0.96 0.87 Tension (Parallel)
BCS 21-30-9 21 37.49 1.0 0.96 1.01 Tension (Parallel)
BCS 21-30-9 18 34.48 1.0 0.96 1.05 Tension (Parallel)
PCS 21-30-9 30 48.24 1.0 0.94 0.87 Tension (Parallel)
PCS 21-30-9 21 47.57 1.0 0.96 1.04 Tension (Parallel)
PCS 21-30-9 18 38.39 1.0 0.98 1.07 Tension (Parallel)
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Fig. 1. A schematic illustration of (a) existing commercial Cross-laminated Timber (CLT) panel, and (b)
proposed Bamboo Core Sandwich (BCS) panel and, (c) Peeling Core Sandwich (PCS) panel



Fig. 2. Deflected shape of a short section of the BCS/PCS panel in bending, used in the Ritz method
formulation



(b)

Fig. 3. (a) Cross section of a single peeling core used to find the equivalent core width (b.) and, (b) deflected
shape of a short length of the BCS/PCS panel under transverse load used in the Beam Sandwich Theory
formulation
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Fig. 4. (a) Load versus mid-span deflection of BCS and FCS panels using the Ritz method and the sandwich
beam theory, and (b) the GFRP sandwich panel and its cross section (top), and corresponding load-deflection
response of the GFRP panel from experiment [26], the proposed Ritz method and current FEA (bottom)
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Fig. 5. Mid-span deflection of single and double layer BCS 18-30-7 narrow panels in one-way bending
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Fig. 6. Maximum deflection of BCS and CLT panels in one-way bending, (a) 4 m span, (b) 6 m span and, (c) 7
m span
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Fig. 7. Maximum deflection of BCS, PCS and CLT panels in one-way bending, (a) 4 m span, (b) 6 m span and,

(c) 7 m span
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Fig. 8. The contribution of shear (W) and flexure (W;) components, in the total deflection of the BCS, PCS and
CLT panels in one-way bending.
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Fig. 9. Maximum deflection of BCS, PCS and CLT pane

Is in two-way bending



(a)

O'A

Tension

»

&

Compression

----1 gy

(b)

Fig. 10. A schematic illustration of (a) the FEA mesh of short section of BCS (top) and PCS (bottom) panels,
(b) the adopted stress-strain relationship in the faces of the BCS/PCS panels
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Fig. 11. The load vs. mid span deflection response of 6x1 m, (a) double layer BCS 21-30-9 and, (b) double layer
PCS panels, showing the Ritz prediction, and FEA for different reference compressive yield stresses (o)
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