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Abstract 11 

Timber-concrete composite panels are commonly used as a sustainable alternative for 12 

reinforced concrete floor construction systems. Their performance also continues to advance 13 

with new approaches to interfacial shear connection and layer composition, for example as 14 

three-layer sandwich panels with a concrete compressive face layer, timber tensile face layer, 15 

and a cellular core. Due to significant difference in stiffness of the layers, such sandwich panels 16 

demonstrate large transverse shear deformations when subjected to bending. Existing finite 17 

element modelling techniques, relying on traditional shell or solid elements, can become 18 

computationally expensive when simulating the behaviour of sandwich panels. This paper 19 

presents a new composite element for simplified numerical modelling of sandwich panels, 20 

greatly reducing the computational effort. The proposed element comprises two face layers 21 

connected by an interlayer, with face layers considered as beams and the interlayer considered 22 

as springs. A numerical model was developed using the proposed element and was validated 23 
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against finite element results of linear sandwich beams and experimental results of nonlinear, 24 

cellular-cored timber-concrete sandwich panels. 25 

Keywords: Timber-concrete composite panels, sandwich panels, flexural behaviour, 26 

composite element, finite element modelling. 27 

1. Introduction 28 

Timber-concrete composite panels have become increasingly popular within the construction 29 

industry as a sustainable and lightweight alternative for reinforced concrete floor panels [1]. In 30 

timber-concrete composite panels, concrete is used as the compression element and timber is 31 

used pre-dominantly to carry the tensile loads [1, 2]. The performance of such composite panels 32 

depends significantly on the interfacial shear force transfer between concrete and timber. The 33 

concrete and timber layers are usually connected through metal mechanical shear connectors 34 

[3-5], notches in the timber [6-8], or adhesive bonding [9-11]. In many of the investigated 35 

configurations, concrete beside the bi-material interface acts in tension and thus contributes 36 

little towards the load carrying capacity of the panel. Attempts have been made to reduce the 37 

weight of the timber-concrete composite panels by introducing a lightweight interlayer, also 38 

referred to as a “core”, between the concrete and timber [12, 13], thus transforming the 39 

composite panel into a sandwich panel system. The interlayer of sandwich panels can be a solid, 40 

a porous foam or a cellular structure [14-19]. Considering the similarity of the composite floor 41 

panels with an interlayer and sandwich panels in flexural behaviour, both structural systems 42 

are called “sandwich panels” hereafter. 43 

A recent study on timber-concrete floor panels with a cellular core structure subjected to 44 

flexural loading showed significant transverse shear deformations between concrete and timber 45 

layers [13]. Similar behaviour was also commonly observed in other sandwich structures, 46 

especially those with an interlayer with a low stiffness [15, 16, 19]. In addition, such panels 47 
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also show a clear change in the strain distribution gradient across the thickness of the panel at 48 

the face panel-core interface. Therefore, the behaviour of sandwich panels with a soft interlayer 49 

cannot be modelled using classical Euler-Bernoulli or Timoshenko beam theories [20-24]. 50 

Many numerical approaches have been developed for modelling of sandwich panels [25-33], 51 

with different approaches pursued for representation of the interlayer behaviour. The most 52 

common approaches are those that utilise contact or interface elements and those that utilise 53 

solid elements [25-31]. Some few studies assumed a perfect bond/composite action between 54 

the faces [34], however such assumption is not valid for most timber-concrete sandwich panels 55 

and thus those approaches are not discussed further in this paper. 56 

When contact elements or interface elements are used to model the behaviour of interlayer, the 57 

constitutive law of these elements under mode II (and often also under mode I) loading should 58 

be known first [35]. Such constitutive laws are often obtained experimentally [35, 36]. Many 59 

interface elements have adopted traction-separation laws to characterize the behaviour of the 60 

interlayer [37] and have been used successfully in predicting the behaviour of sandwich panels. 61 

The use of solid elements to model the interlayer behaviour eliminates the need to obtain the 62 

interlayer behaviour experimentally, and only the material properties are needed instead. The 63 

use of solid elements, however, involves more computational efforts than using contact or 64 

interface elements, due to the large number of elements required to accurately capture the 65 

nonlinear behaviour of the interlayer [38, 39]. 66 

While the above numerical modelling approaches can accurately predict the flexural behaviour 67 

of sandwich panels, such approaches require significant computational efforts. Thus, they are 68 

not often considered as suitable for design use. 69 

Against this background, this paper presents a simplified numerical modelling approach to 70 

accurately capture the nonlinear behaviour of sandwich panels. A new three-layer element is 71 
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proposed to simulate the sandwich beam. The face panels are modelled as Euler-Bernoulli 72 

beams, while the interlayer is modelled as interlayer springs. The stiffness matrix of this new 73 

element is presented in Section 2; a solution procedure to consider the nonlinear behaviour 74 

through stiffness update, thus to predict the nonlinear load-displacement behaviour of the 75 

sandwich panels until ultimate load is presented in Section 3; and finally, the model is validated 76 

against existing experimental results on timber-concrete floor panels with a cellular interlayer 77 

in Section 4. The proposed model can be programmed using a simple programming language 78 

such as MATLAB [40] or Python [41], thus can be used with little effort by practitioners. 79 

2. Structural model and formulation 80 

While the timber-concrete sandwich panel system can be used as either one-way slab or two-81 

way slab, the present study will be only focused on one-way slab configuration, which will 82 

potentially be the predominant application scenario of such panel system. The one-way timber-83 

concrete sandwich panel can be treated as a beam. In developing the composite element, the 84 

sandwich panel is simplified as a three-layer system, as shown in Fig. 1. The face layers a and 85 

b represent the concrete and timber panels of the timber-concrete sandwich panel system 86 

respectively, and the interlayer c between them is to be modelled using spring elements. The 87 

elastic modulus, cross-sectional area, and second moment of area of the two face layers are 88 

denoted by nE , nA , and nI  respectively, where the superscript n takes the value either a or b. 89 

The shear stiffness and normal stiffness of the interlayer c are denoted by sK  and nK  90 

respectively. The height of the layers a, b, and c are denoted by ah , bh , and ch  respectively. 91 

The distance between the centroids of the upper and lower face layers to the centroid of the 92 

interlayer are denoted by aC  and bC  respectively. The segment is considered to be subjected 93 

to a distributed load q(x) as shown in Fig. 1. 94 
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 95 

Fig. 1 Simplified three-layer system of the sandwich panel. 96 

In the development of the composite element, the following assumptions are made: 97 

(a) The deformation is small compared to the span of the structure; 98 

(b) The cross section of each face layer is constant along the length; 99 

(c) The transverse shear deformation of the face layers can be ignored and thus each face 100 

layer in the developed element can be modelled using a Euler-Bernoulli beam element; 101 

(d) The panel system is incompressible along its thickness direction, i.e. the relative vertical 102 

deformation between face layers a and b is negligible. This implies that in the interlayer, 103 

the vertical stiffness nK  is much larger than the shear stiffness sK . 104 

A deformed segment of the panel is shown in Fig. 2. The nodes introduced at the ends of both 105 

face layers have three degrees of freedom: the deformation along x-axis u , the deformation 106 

along y-axis v , and the rotation  . According to assumptions (a), (c), and (d), the relative slip 107 

i  between face layers a and b can be calculated from: 108 

 ( )a b a b a b a a b b
i i i i i i i iu u C C u u C C            (1) 109 

where n
iu  (n = a, b) is the nodal transformation of the face layer a or b along x-axis; and i  is 110 

the rotation of the cross section, according to assumption (d), a b
i i i     at the same cross 111 

section. 112 
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 113 

Fig. 2 Geometric relationship between transformation, rotation, and slip. 114 

Fig. 3a shows the idealization of a panel segment in the proposed composite element. In this 115 

element, each of the face layers is modelled using a two-node beam, and the interlayer is 116 

modelled using two springs (a shear spring and a normal spring) at each element end. Fig. 3b 117 

illustrates the force components in a deformed element, with load transfer assumed only to 118 

occur at element nodes. Interfacial forces are transferred by the springs at each element node: 119 

a shear force uiF  from the shear spring, and a normal force viF  from the normal spring. 120 

Subscripts 1 and 2 represent the two ends of the element as shown in Fig. 3b. For nodal axial 121 

force j
iN , shear force j

iV , and bending moment j
iM , superscripts a and b are additionally 122 

used to represent the top and bottom face layers. 123 

 124 

Fig. 3 A composite element with three layers: (a) element components and (b) nodes and 125 
force in a deformed element. 126 
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 127 

Fig. 4 Sign convention used in the composite element.  128 

The sign convention shown in Fig. 4 was adopted in this study. From the moment equilibrium 129 

of the face layer a, moment at a distance x from node 1 can be written as: 130 

 1 1 1 v1( )a a a a
uM x M V x F C F x      (2) 131 

or as: 132 

 2 2 2 v2( ) ( ) ( )a a a a
uM x M V l x F C F l x       (3) 133 

The force equilibrium equations at nodes 1 and 2 of face layer a can be expressed in Eqs. (4) 134 

and (5) respectively, 135 

 1 2
1 u1

( )
0

a a
a a au u

N F E A
l


    (4) 136 

 1 2
2 u 2

( )
0

a a
a a au u

N F E A
l


    (5) 137 

The boundary conditions for face layer a are: 138 

 

1

0

10

2

2

a

x

a

x

a

x l

a

x l

dv

dx

v v

dv

dx

v v































 (6)  139 

Similarly, for face layer b, the moment at a distance x from the node 1 can be expressed as: 140 
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 1 1 1 v1( )b b b
u bM x M V x F C F x      (7) 141 

or as: 142 

 2 2 2 v2( ) ( ) ( )b b b
u bM x M V l x F C F l x       (8) 143 

The force equilibrium equations at nodes 1 and 2 of face layer b can be expressed in Eqs. (9) 144 

and (10) respectively, 145 

 1 2
1 1

( )
0

b b
b b b

u

u u
N F E A

l


    (9) 146 

 1 2
2 u 2

( )
0

b b
b b bu u

N F E A
l


    (10) 147 

The boundary conditions for face layer b are: 148 

 

1
0

0 1

2

2

b

x

b
x

b

x l

b

x l

dv

dx

v v

dv

dx

v v

















 

 





 (11) 149 

According to assumption (c), the face layers are Euler-Bernoulli beams and the moment in face 150 

layers a and b can be written as: 151 

 
2

2
a a a d y

M E I
dx

  (12) 152 

 
2

2
b b b d y

M E I
dx

  (13) 153 
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Using the stiffness of shear ( sK ) and normal ( nK ) interlayer springs, the shear forces uiF  and 154 

normal forces viF  can be calculated as: 155 

 1 1u sF K   (14) 156 

 2 2u sF K   (15) 157 

 1 1 1( )a b
v nF K v v   (16) 158 

 2 2 2( )a b
v nF K v v   (17) 159 

Combining Eqs. (1)-(3), (6), (12), and (14)-(17), the moments and normal forces at face layer 160 

a can be determined as: 161 

 1 1 1 1 1 1 2 1 22

6 2
( ) ( ) (2 )

a a a a
a a a b a a b b a a a a

s

E I E I
M K C u u C C v v

l l
            (18) 162 

 2 2 2 2 2 1 2 2 12

6 2
( ) ( ) (2 )

a a a a
a a a b a a b b a a a a

s

E I E I
M K C u u C C v v

l l
            (19) 163 

 1 1 2 1 2 1 13

12
( ) ( )

2 2

a a
a a a a a a b

n

E I l l
V v v K v v

l
        (20) 164 

 2 1 2 1 2 2 23

12
( ) ( )

2 2

a a
a a a a a a b

n

E I l l
V v v K v v

l
        (21) 165 

Combining Eqs. (1), (4), (5), (14), and (15), the nodal axial forces of face layer a can be 166 

determined as: 167 

 1 1 2 1 1 1 1( ) ( ) ( )
a a

a a a a b a a b b
s s

E A
N u u K u u K C C

l
         (22) 168 
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 2 2 1 2 2 2 2( ) ( ) ( )
a a

a a a a b a a b b
s s

E A
N u u K u u K C C

l
        (23) 169 

Similarly, the moments and normal forces at face layer b can be derived from Eqs. (1), (7), (8), 170 

(11), and (13)-(17) as: 171 

 1 1 1 1 1 1 2 1 22

6 2
( ) ( ) (2 )

b b b b
b b a b a a b b b b b b

s

E I E I
M K C u u C C v v

l l
            (24) 172 

 2 2 2 2 2 1 2 2 12

6 2
( ) ( ) (2 )

b b b b
b b a b a a b b b b b b

s

E I E I
M K C u u C C v v

l l
            (25) 173 

 1 1 2 1 2 1 13

12
( ) ( )

2 2

b b
b b b b b a b

n

E I l l
V v v K v v

l
        (26) 174 

 2 1 2 1 2 2 23

12
( ) ( )

2 2

b b
b b b b b a b

n

E I l l
V v v K v v

l
        (27) 175 

The nodal axial forces of face layer b can be derived from Eqs. (1), (9), (10), (14), and (15) 176 

as: 177 

 1 1 2 1 1 1 1( ) ( ) ( )
b b

b b b b a a a b b
s s

E A
N u u K u u K C C

l
        (28) 178 

 2 2 1 2 2 2 2( ) ( ) ( )
b b

b b b a b a a b b
s s

E A
N u u K u u K C C

l
        (29) 179 

To present the above equations in a general form, element node numbering 2i-1, 2i, 2i+1, and 180 

2i+2 are introduced for nodes 1b, 1a, 2a, and 2b as shown in Fig. 5. 181 

 182 
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Fig. 5 Node numbering in one composite element. 183 

With the adopted notation for the nodes, a matrix form is summarised for Eqs. (18)-(29) as 184 

shown in Eq. (30): 185 

 

   

2 1 1

2 1 1

2 1 1

2 1

(2 1) 2 1 (2 1) 2 (22 1

2 1

2 1 2

22 1

22 1

22 2

22 2

22 2

b
i

b
i

b
i

a
i

a
i i i i ii

a
i

a
i

a
i

a
i

b
i

b
i

b
i

N N

V V

M M

N N
K K KV V

M M

N N
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(2 ) 2 1 (2 ) 2 (2 ) 2 1 (2 ) 2 2 2

(2 1) 2 1 (2 1) 2 (2 1) 2 1 (2 1) 2 2 2 1

2 1(2 2) 2 1 (2 2) 2 (2 2) 2 1 (2 2) 2 2

2 1

2 2

2 2

i

i

i

i

i i i i

i i i i i i i i i

i i i i i i i i i

ii i i i i i i i

i

i

i

u

v

u
K v

K K K K

K K K K u

K K K K v

u

v















   

  

       

      







 
 
 
 
 
 
 

2 2i

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 (30) 186 

The components of the stiffness matrix [ ]mnK  (m and n are taken as 2i-1, 2i, 2i+1 or 2i+2) are 187 

as listed in the Appendix. 188 

3. Solution procedure 189 

The previous section presented the formulation of the proposed composite element for a three-190 

layer sandwich beam segment. Then a complete sandwich beam can be discretised into n 191 

proposed composite elements, as shown in Fig. 6. n is selected as an odd number so that there 192 

is an element at mid-span. An even number of elements would instead introduce a node, and 193 

shear spring at the mid-span, complicating the solution procedure. For the current study, node 194 

numbering was as shown in Fig. 6, with an element length l=Span/n. 195 
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 196 

Fig. 6 A discretised sandwich beam with n elements and 2n+2 nodes. 197 

At the linear stage, the relationship between the displacement  U  and external force  F  of 198 

the sandwich panel can be written as: 199 

 1[ ] [ ] [ ]U K F  (31) 200 

where [ ]K   is the global stiffness matrix, assembled by combining the element stiffness 201 

matrices [ ]mnK  from Eq. (30). 202 

When the constituents behave linear elastically, Eq. (31) can be solved directly. However, when 203 

the behaviour of the constituents becomes nonlinear, values of [ ]mnK  are no longer constant 204 

with different loads, thus a direct solution is not possible. Therefore, a stepwise solution 205 

procedure, with updating of [ ]mnK  at each step is proposed to account for nonlinearity of the 206 

constituents. 207 

The proposed solution method is presented in Fig. 7 and comprises incremental application of 208 

a small load increment [ ]pF , with p = 0, 1, 2, 3… and 0[ ]F  denoted as 0[ ]F . The load 209 

increment size should be sufficiently small to ensure a converged modelling result. Further 210 

explanation of the solution method is as follows. 211 
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 212 

Fig. 7 Nonlinear procedure of the model. 213 

Step 1: The initial stiffness matrix 0[ ]K  is determined using the initial condition of the 214 

composite beam using Eq. (30) and Eqs. (A.1)-(A.13). Define 0[ ]F  (small enough to ensure the 215 

structure is at linear stage), and then calculate the displacements of the initial 0[ ]U  by Eq. (31). 216 

Step 2: Based on the calculated displacement 1[ ]pU   (p = 1, 2, 3…), the components sK , nh , 217 

nA , and n nE I  in the stiffness matrix [ ]pK  is updated by following the sub-steps: 218 

[𝐹 ], [𝐾 ]

𝑈 = [𝐾 ] 𝐹

𝛾 , 𝜈 , 𝑁

𝐸 𝐼 , ℎ , 𝐴

𝐾  , 𝑘 , 𝜀 , 𝜎

Update [𝐾 ]

Apply [∆𝐹 ]

[∆𝑈 ] = [𝐾 ] ∆𝐹

𝐹 = 𝐹 + ∆𝐹

𝑈 = 𝑈 + ∆𝑈

∆𝑈 , is 
reasonable?

NO

Stop

𝑈 , 𝐹

YES
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i. Calculate the interfacial slip i  at the element ends using Eq. (1) with the deformation 219 

1[ ]pU  , and then update the shear spring stiffness sK  according to the constitutive 220 

relationship of the shear spring. 221 

ii. Determine the strain distribution of each element, at the element mid-length. Strain is 222 

evaluated by dividing each face layer into m vertical sub-divisions, assuming the neutral 223 

axis is at the geometrical centre of the sandwich panel and the strain distributes linearly 224 

within each layer as shown in Fig. 8. Resulting strain in each layer was considered to 225 

of two parts, strain due to bending and strain due to axial forces. Considering both, axial 226 

forces and bending, strain in sub-division j of the face layer n is calculated as: 227 

 
 1

1/2 2

n n
i in

j i j n n

N N
k y

A E
 




    (32) 228 

where jy  is the distance to the centre of subdivision j from the centroid of the whole 229 

section (Fig. 8); n
iN  is the axial force in face layer n at node i in 1[ ]pF  ; 1/2ik   is the 230 

curvature of the element between node i and i+1, as calculated from the vertical 231 

deformation of the element using second order central difference method [42]: 232 

 1 1 2
1/2 22

i i i i
i

v v v v
k

l
  



  
   (33) 233 

where iv  is the vertical displacement of node i in 1[ ]pU  ; i is the interested node, i-1, 234 

i+1, and i+2 are the adjacent nodes of node i in the face layer. For instance, if i is node 235 

4 in Fig. 6, i-1, i+1, and i+2 are nodes 1, 2, and 8, respectively. 236 
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 237 

Fig. 8 Strain distribution of the panel due to bending. 238 

iii. Determine the stress profile of the face layers according to the constitutive model of the 239 

material, either with linear or nonlinear properties. If the stress j  at a sub-division 240 

reaches the material strength, that sub-division is deleted, then the face layer height nh  241 

and cross section area nA  are updated. 242 

iv. Calculate the equivalent bending stiffness of each face layer n nE I  [43], from the 243 

obtained stress profile using: 244 

 1/2

1

1

1/ 2 1/ 2

2
i

n nm
n ni i

j jn
jn n

i i

N N
w y

M A
E I

k k








 

 
 

  


  (34) 245 

Where 
1/2i

M


 is the bending moment in a face layer of the element between node i and 246 

i+1, nw  is the width of the face layer n, n
jy  is the distance from the centreline of sub-247 

division j to the centreline of the face layer n (Fig. 8), and 1/2ik   is the curvature of the 248 

interested element. 249 

v. Update the components in stiffness matrix [ ]pK  with the new sK , nA , nh , and n nE I250 

. 251 
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Step 3: For the applied load increment [ ]pF , the increase in deformation [ ]pU  can be 252 

calculated in Eq. (35), the load [ ]pF  and deformation [ ]pU  after the load increment can be 253 

calculated by Eqs. (36) and (37): 254 

 1[ ] [ ] [ ]p p pU K F    (35) 255 

 1[ ] [ ] [ ]p p pF F F    (36) 256 

 1[ ] [ ] [ ]p p pU U U    (37) 257 

Step 4: Repeat steps 2 and 3. Analysis is stopped when the vertical deformation component 258 

( ,p vU ) in [ ]pU  become significantly large or changes sign with the applied load increment 259 

[ ]pF . 260 

4. Model implementation and validation 261 

The above proposed numerical model including the composite element and the solution 262 

procedure was implemented by MATLAB software [40]. The proposed model was then 263 

verified against the finite element (FE) results using ABAQUS software [44] and experimental 264 

results on a series of timber-concrete sandwich panels [13]. 265 

4.1. Sandwich beams with linear material properties 266 

First, the verification of the proposed numerical model was carried out, considering only linear 267 

elastic materials. Four simply-supported sandwich beams under four-point bending (as shown 268 

in Fig. 9) were simulated by both the proposed model and ABAQUS software. The material 269 

properties, section sizes, and loading locations of the beams are summarised in Table 1. Beam 270 

1 had two identical face layers, with a 4000mm span and vertical loadings 1300mm away from 271 

the supports. Beam 2 was with the same cross section and loading condition as beam 1, while 272 
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the material property of the top face layer is different. Beam 3 had the same material as beam 273 

2, while the span increased to be 6000mm and the depth of the face layers also increased. Beam 274 

4 had the same material and span as beam 3, but the section width of face layer b was smaller 275 

than a, such that it was similar to a T-shape beam. In all the beams, the interlayer c was assumed 276 

to be continuous, with a constant thickness of 1 mm and the same width as the narrower face 277 

layer. The loads applied on beams 1-4 were 180kN, 100kN, 80kN, and 120kN, respectively. 278 

 279 

Fig. 9 Beam validation models: loading and geometric parameters. 280 

# 
Ea 

(GPa) 
Eb 

(GPa) 
wa 

(mm) 
wb 

(mm) 
wc 

(mm) 
ha 

(mm) 
hb 

(mm) 
hc 

(mm) 
L 

(mm) 
D 

(mm) 
F 

(kN) 

1 200 200 500 500 500 50 50 1 4000 1300 180 

2 75 200 500 500 500 50 50 1 4000 1300 100 

3 75 200 500 500 500 60 60 1 6000 2000 80 

4 75 200 500 200 200 100 100 1 6000 2000 120 

Table 1 Details of the four linear sandwich beams. 281 

4.1.1. Details of the finite element model 282 

In the finite element model, the two face layers were modelled with plane stress elements and 283 

the interlayer was modelled with cohesive elements [45]. It was assumed that there was no 284 

relative slip between the face layers and the interlayer, thus the connection between them was 285 

modelled with tie constraints. “Static, general” solver was utilised in the simulation. The 286 

material properties as listed in Table 1, both face layers were modelled as isotropic material 287 
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with a Poisson’s ratio of 0.3. The constitutive behaviour of the cohesive element was defined 288 

using the uncoupled linear traction-separation law as given in Eq. (38) [45-47]. 289 

 
0 0

0 0

0 0

n nnn

s ss s

ttt t

t E

t E

Et





    
        
        

 (38) 290 

where tn, ts, and tt represent the tractions in the normal and two local shear directions 291 

respectively; Enn, Ess, and Ett represent the corresponding elastic stiffnesses; and n , s , and t  292 

represent the corresponding separations. In this simulation, Enn, Ess, and Ett were taken to be 293 

11.2GPa, 4.31GPa, and 4.31GPa, respectively. 294 

A convergence study was carried out to determine the appropriate mesh size for the ABAQUS 295 

models, and the selected element sizes and the minimum element numbers for each sandwich 296 

beam are given in Table 2. In beams 1 and 2, a minimum of 200 elements is required to provide 297 

reliable results, while in beams 3 and 4, 360 and 300 elements are required respectively. 298 

# 
Max. element size, mm 

(face layers, length×height) 
Max. element size, mm 

(interlayer, length×height) 
Min. element number 

1 and 2 100×12.5 100×1 200 

3 150×15 150×1 360 

4 200×20 200×1 300 

Table 2 Element size and number of the convergence study in the finite element models. 299 

4.1.2. Details of the proposed model 300 

The properties of face layers a and b as listed in Table 1 were used in the proposed model. The 301 

interlayer shear force is assumed to be taken only by the shear springs at element ends.  The 302 

shear stiffness of the interlayer spring is determined by the shear modulus and geometry of the 303 

interlayer and the element length as, : 304 

 
c c

s c

G w l
K

h
  (39) 305 
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where hc and wc are the depth and width of the interlayer; l is the length of the element; and Gc 306 

is the shear modulus of the interlayer, calculated as 
2(1 )

c
c

c

E
G





. cE  and c  are the elastic 307 

modulus and Poisson’s ratio of the interlayer, and assumed to be 11.2GPa and 0.3, respectively. 308 

For each 100mm length of the interlayer, the shear spring stiffness was 2.15×108 N/mm in 309 

beams 1-3, and 8.62×107 N/mm in beam 4. A stiffness of Kn=5×1015 N/mm was used for the 310 

normal spring. 311 

A convergence study showed that for beams 1 and 2, 25 elements (with an element length of 312 

approximately 160mm) can provide a converged solution, while for beams 3 and 4, 27 elements 313 

(with an element size of approximately 222mm) were required. 314 

4.1.3. Results comparison 315 

The load-displacement curves from the finite element models and the proposed numerical 316 

models are compared in Fig. 10. The load-deformation behaviour of all the beams were linear, 317 

as expected due to linear elastic material properties used in the models. The stiffness values 318 

(calculated as load/deformation) obtained from the load-midspan displacement curves of the 319 

FE and proposed models are listed in Table 3. As can be seen from Fig. 10 and Table 3, the FE 320 

model and the proposed model agree well with each other for all cases, with a maximum 321 

difference in overall stiffness of less than 1.5%. This validates the accuracy of the proposed 322 

composite element in predicting the linear elastic behaviour of the sandwich beams. 323 
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 324 

Fig. 10 Load-displacement curves of four linear sandwich beams. 325 

# FE model (kN/mm) Proposed model (kN/mm) Difference (%) 

1 7.57 7.57 0 

2 4.38 4.36 0.46 

3 3.47 3.52 1.44 

4 4.93 4.98 1.01 

Table 3 Comparison of stiffness of linear sandwich beams. 326 

4.2 Timber-concrete sandwich panel with nonlinear material properties 327 

4.2.1 Details of the specimen 328 

The proposed numerical model (i.e., the composite element and the solution procedure) is used 329 

to predict the behaviour of one-way hybrid timber-concrete sandwich panels with a cellular 330 

core tested under flexural loading [13]. The investigated sandwich panel is composed of a 331 

concrete top layer, a timber bottom layer, and a waffle-shaped core layer between them, as 332 

shown in Fig. 11. The core part is composed of longitudinal and transverse plates, connected 333 

to each other by integral mechanical joints. The panels, which had a span of 2250mm, were 334 

tested under four-point bending with simply-supported boundary conditions. The point loads 335 

were applied symmetrically with respect to the panel mid-span and had a spacing of 640mm 336 

between them as shown in Fig. 11b. For representation in the proposed model, the concrete and 337 

timber layers become face layers a and b, while the core is modelled as the interlayer c. The 338 
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widths of face layers are wa=wb=600mm, and the heights are ha=50mm, hb=35mm, and 339 

hc=110mm. 340 

 341 

Fig.11 (a) One-way spanning hybrid timber-concrete sandwich panel with a cellular core and 342 
(b) loading configuration (unit: mm). 343 

4.2.2 Material properties of the face layers 344 

The concrete layer was modelled using the stress-strain relationship recommended in Eurocode 345 

2 [48]: 346 
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where strain   is positive when concrete is in compression; cmf  is the compressive strength of 348 

the concrete; ctmf  is the tensile strength of the concrete; cmE is the elastic modulus of the 349 

concrete; 1c is the strain when the stress reaches the compressive strength; and 1cu  is the 350 

ultimate compressive strain. For the present study, a concrete strength of cmf =38MPa was 351 

adopted, based on material testing as provided in Ref. [13]. Other parameters were determined 352 

based on Eurocode 2 as cmE =33GPa, 1c =2.2%, 1cu =3.5%, and ctmf =2.9MPa.  353 

The timber layer was modelled as linear elastic until failure. Material properties of timber were 354 

obtained according to timber supplier Hyne & Son Pty Ltd [49] and the Australia Standard for 355 

timber structures AS1720.1 [50]: an elastic modulus of 13.3GPa, a Poisson’s ratio of 0.3, and 356 

a characteristic bending strength of 30MPa with 10% coefficient of variation. Although timber 357 

is typically an orthotropic material, as in this study only bending of the panel is considered, 358 

only the properties parallel to the panel axis and parallel to the grain direction of timber are 359 

used for the analysis. 360 

4.2.3 Properties of the interlayer 361 

The sandwich panel core layer is composed of longitudinal and transverse plates in a waffle-362 

type configuration. As the contribution to the shear stiffness from the transverse core plates is 363 

much smaller than the longitudinal core plates, it is assumed that the shear stiffness of the core 364 

part was provided only by the four longitudinal plates. Based on this assumption, the initial 365 

shear stiffness sK  was calculated using a simplified FE model in ABAQUS. Each longitudinal 366 

core plate was modelled using S4R 2D plane stress element with orthotropic elastic material 367 

properties as provided in Ref. [13]. The translations of the bottom edge were restrained, with 368 

the load applied at the top edge of the plate along the x-axis to represent shear action, as shown 369 

in Fig. 12. The load and displacement in x direction (i.e. horizontal displacement) at the top 370 
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edge of the core plate was recorded, and the slope of the load-displacement curve was taken as 371 

the core shear stiffness of each plate. The total initial shear stiffness sK  of the interlayer was 372 

taken as four times of the value of one plate. 373 

A tri-linear shear behaviour as shown in Fig. 13 was used for the interlayer in this study, with 374 

the initial stiffness sK  from the ABAQUS model (175.3×103N/mm per linear meter). Damage 375 

initiation occurs when 1=1mm, and the failure happens when shear force drops to F2=50N at 376 

2 =1.5mm. Afterwards, the load was assumed to remain at 50N with further increase in slip. 377 

Again, according to assumption (d), the vertical spring stiffness of the interlayer was assumed 378 

to be 5 1010N/mm. 379 

 380 

Fig.12 Illustration for calculating the interlayer spring shear stiffness. 381 

 382 

Fig.13 Nonlinear behaviour of the shear spring. 383 

4.2.4 Convergence study of the proposed model 384 

A convergence study was conducted with 9 to 41 elements. An initial vertical load F0v=1kN 385 

was first applied to the system, with the vertical loading step then kept constant at vF =0.1kN. 386 

The convergence study results are shown in Fig. 14, with the load-displacement curves shown 387 
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in Fig. 14a and the predicted loads at the serviceability limit state and ultimate state shown in 388 

Fig. 14b. The proposed model provides a consistent load-displacement response for element 389 

numbers more than 23, corresponding to an element length l=97.8mm. The prediction obtained 390 

with an element number of 23 is therefore chosen to discuss the results. 391 

 392 

Fig.14 Convergence study results: (a) load-displacement curves, (b) loads at serviceability 393 
limit stage and ultimate stage. 394 

4.2.5 Results 395 

The load-displacement curves of the proposed model together with the experimental results of 396 

the four specimens tested by the authors [13] are as shown in Fig. 15. The initial stiffness of 397 

the curve from the proposed model, up to a load of 40kN, matches the experimental results 398 

very well, demonstrating the accuracy of applying the proposed model on the cellular-cored 399 

timber-concrete specimens and the calculated core shear stiffness in Section 4.2.3. Besides, the 400 

ultimate load predicted by the model was 112.8kN, while the average failure load of the four 401 

tested specimens was 113.2kN, with only 0.35% difference. 402 
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 403 

Fig.15 Comparison of predicted and experimental load-displacement curves of hybrid timber-404 
concrete sandwich panels with a cellular core. 405 

At the loading range between 40kN and 80kN, when the experimental curves started to show 406 

nonlinearities, the proposed model overestimated the global stiffness. A possible reason for 407 

this was that in the proposed model a tri-linear behaviour was assumed for shear springs, so 408 

the material behaves linearly before damage initiation. However, the core shear failure was 409 

observed to occur gradually in the tested specimens [13], thus the nonlinearity may start from 410 

very early stage in the experiments. Nonetheless, the proposed model provided highly accurate 411 

prediction for the ultimate load, which depends significantly on the area under the traction-412 

separation curve of the core rather than the shape. Thus, it is clear that in the proposed model, 413 

this area matched well with the energy dissipated in the core during the tests. Overall, the 414 

proposed model was found to provide a reasonable accuracy for predicting the nonlinear 415 

behaviour of the hybrid timber-concrete sandwich panels with a waffle-shaped cellular core. 416 

4.3 Discussion 417 

The proposed composite element was shown to be accurate for prediction of the elastic 418 

response of timber-concrete sandwich beams, over a range of material and geometric 419 
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configurations. The comparison with FE models showed the proposed model to be highly 420 

accurate, with a maximum difference in stiffness of less than 1.5%. In terms of the elements 421 

used, the proposed method used 25-27 elements while the FE model required 200-360 elements, 422 

showing a significant reduction in computational effort. 423 

Results from the proposed methodology agreed well with the nonlinear load-deformation 424 

curves from the experimental results of timber-concrete sandwich panels with a waffle-core. 425 

This demonstrated the ability of the proposed solution procedure to accurately capture the 426 

nonlinear behaviour of the sandwich panels, while keeping the computational effort low. 427 

Proposed model can be programmed easily using commercial software packages such as 428 

MATLAB, thus can easily be used for design of sandwich panels by practicing engineers. 429 

The shape of the load-deformation curve from the proposed model deviated slightly from the 430 

experimental curves, which is believed to be due to the simplified tri-linear traction-separation 431 

curve adopted in this study. Work done through shear deformation of the interlayer 432 

(represented by the area under the traction-separation curve) significantly affects the load 433 

carrying capacity of sandwich panels. Thus, the traction-separation behaviour, numerically 434 

derived in the present study, is important for the accurate ultimate load predictions with the 435 

proposed model. 436 

Several simplifications were made in the proposed model for calculating the equivalent flexural 437 

stiffness of the top and bottom face layers. First, a linear strain distribution was assumed in 438 

obtaining the stress distribution through each layer and to update the stiffness matrix. Test 439 

results of the timber-concrete sandwich panels used for the comparison showed slightly 440 

different curvatures in concrete and timber layers [13], which does not agree with the assumed 441 

linear strain distribution. However, as the modelled panels do not compress significantly 442 
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through thickness, the difference in curvature between top and bottom layers can assumed to 443 

be small. 444 

Second, in the current model, discontinuity in strain gradient between the face layers (timber 445 

and concrete) was allowed, but discontinuity in strain due to slip between the faces and 446 

interlayer (such as the timber and core) was not considered. Slips at the bi-layer interface are 447 

not significant compared to the large shear deformation of the interlayer observed in 448 

experiments of waffle-core timber-concrete panels, and so the proposed model demonstrated 449 

good agreement with experimental curves. However, if the slips at the bi-layer interface 450 

become larger, assumed continuous strain behaviour may result in inaccurate strain 451 

distributions within each layer, thus resulting in errors. 452 

Third, it is important to note that the solution procedure adopted in this study can only predict 453 

accurate results until the ultimate load, and the descending branch of the load displacement 454 

curves cannot be predicted. However, since the designers are typically interested only in 455 

serviceability and ultimate limit states, the proposed methodology is still useful as a powerful 456 

design methodology for sandwich beams. 457 

Finally, the proposed model and solution procedure were validated for the timber-concrete 458 

sandwich panels with continuous shear interface, their applicability for sandwich panels with 459 

a discretised shear interface, for example with mechanical connectors was not considered as 460 

beyond the scope of this study. 461 

5. Conclusions 462 

A simple numerical modelling approach for predicting the flexural behaviour of sandwich 463 

beams was presented in this paper. A composite element which considers interlayer slip was 464 

proposed. A stepwise solution procedure to account for material nonlinearity was also 465 
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presented. The developed model is superior to the traditional FE models, with significantly 466 

reduced model complexity and computational effort. In addition, proposed model can also be 467 

programmed easily using opensource programming languages.  468 

The proposed model was verified first using FE models of sandwich beams with linear elastic 469 

material properties and then against experimental results of nonlinear timber-concrete 470 

sandwich panels with a waffle-shaped core. Model predictions agreed well with linear elastic 471 

FE results, with a maximum difference in stiffness being less than 1.5% whileusing only 25-472 

27 elements, compared to 200-360 elements required for the FE model. Predictions from the 473 

proposed numerical model incorporating nonlinear material behaviour also agreed well with 474 

the experimental results of the timber-concrete sandwich beams, capturing the ultimate load 475 

capacity (with only 0.35% error) and nonlinear behaviours of a complex sandwich beam with 476 

only 23 required elements. Central to the accuracy of the proposed approach was the shear 477 

traction-separation behaviour of the interlayer, which must be known or obtained using 478 

experimental or numerical methods. 479 

The proposed model assumed two face layers to behave as Euler-Bernoulli beams, which is a 480 

common assumption made in modelling thin face layers in composite sandwich panels. 481 

However, validity of such an assumption may not be true if the face layers are thick, and 482 

experience significant transverse deformations. Therefore, further work is necessary to verify 483 

the validity of the proposed model for sandwich beams with thick face layers. 484 

Appendix 485 
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Notations 499 

a  upper face layer of the sandwich panel 500 
nA   cross section area of face layer n, n is a or b 501 

b  lower face layer of the sandwich panel 502 

c  interlayer of the sandwich panel 503 
nC   distance from the centreline of face layer n to the centreline of interlayer, n is a or b 504 

d  distance from loading points to supports in a beam under four-point bending 505 

cmE   elastic modulus of concrete 506 

nE   elastic modulus of the material in layer n, n is a, b or c 507 

nnE   elastic stiffness at the normal direction of the interface 508 

ssE / ttE  elastic stiffness at the shear direction of the interface 509 

cmf   compressive strength of concrete 510 

ctmf   tensile strength of concrete 511 
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1F   strength of interlayer shear spring 512 

2F   shear force of the interlayer when the shear deformation is large 513 

uiF   shear force at node i in the interlayer 514 

viF   normal force at node i in the interlayer 515 

[ ]F   external force vector 516 

[ ]pF  external force vector at load step p 517 

cG   shear modulus of the interlayer material 518 
nh   section height of face layer or interlayer n, n is a, b or c 519 
nI   second moment of area of face layer n, n is a or b 520 

1/2ik    curvature of the element between node i and i+1 521 

sK   stiffness of the shear spring 522 

nK   stiffness of the normal spring 523 

mnK   a component relating to nodes m and n in the proposed stiffness matrix 524 

[ ]pK   global stiffness matrix of the panel at load step p 525 

l  length of the composite element 526 

L  span of the sandwich beam 527 

m  number of sub-divisions in a face layer 528 
n
iM   bending moment in face layer n at point i, n is a or b 529 

n
iN   axial force in face layer n at point i, n is a or b 530 

tn  traction in normal direction of the interface 531 

ts/tt  traction in shear direction of the interface 532 
n
iu   deformation along x-axis in face layer n at node i, n is a or b 533 

[ ]pU   deformation vector after load step p 534 

n
iv   vertical deformation in face layer n at node i, n is a or b 535 

n
iV   shear force in face layer n at node i, n is a or b 536 

wn  width of the face layer or interlayer n, n is a, b or c 537 

jy  distance from the centreline of sub-division j to the geometrical centre of the sandwich beam 538 

n
jy  distance from the centreline of sub-division j to the centreline of face layer n, n is a or b 539 

n
j   axial strain of sub-division j in face layer n, n is a or b 540 

1c   concrete strain at the compressive strength 541 

1cu   concrete ultimate compressive strain 542 

n   separation at the normal direction of the interface 543 
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t / s  separation at the shear direction of the interface 544 

1   shear deformation at the maximum shear force 545 

2   shear deformation in the interlayer when it fails 546 

n
i   rotation of face layer n at node i, n is a or b 547 

i   relative slip between two face layers 548 

c   Poisson’s ratio of the interlayer material 549 
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