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A r t i c l e  h i s t o r y  A B S T R A C T  

The paper presents a formulation of layered finite elements (based on Reddy’s full-
layerwise-theory) for static and dynamic analysis of cross-laminated-timber 
concrete composites (CCC). A partial interaction between concrete and cross-
laminated-timber (CLT), allowing for interlayer slip, is incorporated by using 
distributed elastic springs in the CLT-concrete interface. A linear discontinuous 
layer-wise interpolation of displacement components through the thickness is 
imposed to account for complex layerwise kinematics including partial shear 
connection.  
The model is implemented using the original MATLAB framework, while the 
graphical user interface is developed in GiD environment. It is validated against the 
available data in the literature, and excellent agreement for static and dynamic 
simulations is obtained with computational cost savings. The complex 3D 
displacement/strain/stress fields and natural frequencies of the CCC with various 
interlayer slip moduli аre accurately predicted. The parametric study on the influence 
of partial shear connection on stress distribution within the CCC is provided as a 
benchmark for future investigations. The developed model can be applied for the 
analysis of timber-concrete (TCC) or other plate-like layered composites with partial 
shear connection and arbitrary geometry. 
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1 Introduction 

The advantages of cross-laminated timber for the 
building sector are mainly related to its low environmental 
impact, high mechanical performance, ease of prefabrication 
and short erection time on site [1, 2]. The above encourage 
the use of CLT in modern residential and commercial 
buildings instead of traditional mineral-based materials. CLT 
provides the considerable stiffness with the low weight, 
allowing the application of such panels as full-size walls or 
floors, suitable for loading in-plane and out-of-plane, while 
the crosswise layer orientation ensures uniform shrinkage 
and swelling properties [3]. To further increase the 
application of CLT, CLT-concrete composites (CCC) gained 
extensive application in floor systems in recent years 
because of their unique and outstanding performance, by 
means of stiffness, bending resistance, good dynamic 
behavior and superior sound and thermal insulation [4-6]. 
These composites provide a prominent alternative to the 
conventional reinforced concrete (RC) floors in medium- to 
high-rise buildings, and present the logical continuation in the 
development of timber-concrete composites (TCC) [7-9]. 

In TCC and CCC, the timber and concrete layers are 
interconnected using different connection systems: notched 
shear connectors [10-13], screwed connectors [14-15], 
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mechanically attaching dowel-type fasteners [16], adhesives 
and gluing with rods [17-18], shear studs [19-20], or a 
combination of various fastening systems. The choice of 
connection is important due to the structural rigidity under 
service load, vibration performance and stiffness during a 
fire. Each connection system requires distinctive types of 
arrangements and possesses unique characteristics. The 
adhesive connection provides high stiffness and uniform 
distribution of the forces and low slip over the entire 
composite, while the shear connectors of different types are 
used to create a path for transfer shear forces between the 
concrete slab and CLT layer. Remarkable efforts have been 
invested so far to predict the slip modulus and shear capacity 
of the screwed connections, associated with different 
concrete, timber, and insulation thicknesses, concrete and 
timber properties and screw sizes, layouts, and penetration 
lengths. Extensive experimental programs followed by the 
development of analytical solutions for the prediction of slip 
modulus and interlayer slip have been conducted so far [21-
25]. 

CLT floors and their composites are prone to excessive 
vibrations due to human activities [26, 27], which are the 
most common vibration sources in residential and 
commercial buildings. Excessive vibrations can be 
detrimental to occupants’ comfort or may cause malfunctions 
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of vibration-sensitive equipment [28]. Consequently, design 
of long-span open-plan CLT floors is commonly governed by 
vibration serviceability requirements rather than strength and 
deflection limits [29, 30]. Having in mind that recent research 
of Mohammed et al. [31] showed that the resonant vibration 
response in floors can occur even at frequencies as high as 
14 Hz, the structural design for serviceability limit state by 
means of vibration must be performed with particular 
attention. The above requires accurate computational 
models, which may account for specifics of such structures, 
such as transverse shear deformation and partial shear 
connection at the interface. Guo et al. [32] examined the 
effect of a floating concrete topping on the vibration 
performance and dynamic characteristics of mass timber 
slab floors through experimental tests, determined the 
effective flexural stiffness of the floor systems and developed 
finite element models to accurately predict the modal 
properties. Bao et al. [33] predicted the vibration 
performance of CCC floor strips using theoretical 
calculations and finite element simulations, and conducted 
the parametric numerical analyses using the analytical 
methods to determine the optimal section thickness ratio 
between CLT and concrete, while Malek et al. [34] provided 
the important data on mass timber floor system performance 
in furnished office buildings. 

Current computational models for the prediction of static 
and dynamic response CLT-concrete composites mainly 
emerged from the long tradition of using only simple beam-
like theoretical approaches, which are limited to account for 
two-dimensional load transfer and cannot reflect the load 
carrying mechanism of a plate-like structure [35]. Two-
dimensional approaches are applied through the 
applications of equivalent-single-layer (ESL) laminate 
theories [36-40], with the appropriate shear correction factors 
[41]. ESL theories consider the displacements as continuous 
functions of the thickness coordinate. This assumption 
cannot be satisfied at the CLT-concrete interface within the 
CCC, since a completely rigid connection between CLT and 
concrete is typically not achieved. Therefore, as shown in 
[42], the partial shear connection must be taken into account. 
This may be achieved by the use of the equivalent-layer zig-
zag kinematics based on the Lekhnitskii’s [43] and Ren’s 
models [44, 45]. Furtmüller has recently extended the 
formulation for TCC beams [46] and plates [42], to predict the 
static and dynamic response of TCC and CCC. The 
mentioned formulation requires the a priori assumption of the 
location of the neutral axis within the TCC or CCC, and 
provides the computationally effective alternative to the 
conventional (solid) finite element models, without the 
necessity for shear correction factors. In addition, Ladurner 
et al. captured the geometrically nonlinear response of 
slender symmetrically layered beams while simultaneously 
capturing the effects of variable cross-section and interlayer 
slip [47]. 

It was recently showed that Full-Layerwise Plate Theory 
of Reddy (FLWT) [48] can provide the accurate results for 
CLT panels in bending [35, 49], without compromising the 
accuracy of the 3D models. This theory incorporates the 

transverse normal stress z and accounts for continuous 

transverse (interlaminar) stresses xz, yz and z at layer 
interfaces within a CLT, without the use of shear correction 
factors. Although the zig-zag theories provide the adequate 
balance between ESL and layerwise theories, the FLWT 
provides the possibility to account for localized effects, such 
as holes or cut-outs and provides the complete stress field 
necessary for failure analysis or delamination studies. The 
mentioned FLWT formulation is extended in this paper to 

also account for the interlayer slip at the CLT-concrete 
interface. The slip moduli are incorporated using the 
smeared approach, as distributed linear springs in three 
orthogonal directions at the interface. Based on the 
presented formulation, a family of layered quadrilateral 
isoparametric finite elements has been developed. The 
computational model is implemented within the original 
object-oriented code FLWTFEM [50, 51] coded in MATLAB 
[52] and connected with the pre- and post-processing 
software GiD [53]. The presented approach is validated 
against the available data in the literature, based on the zig-
zag theory and results from the 3D models in Abaqus CAE 
[54]. Excellent agreement for static and dynamic simulations 
is obtained with computational cost savings. Finally, a 
parametric study on the influence of interlayer slip modulus 
on stress distribution in CCC is provided as a benchmark for 
future investigations. The model flexibility allows, in a similar 
manner, the analysis of timber-concrete (TCC) or other plate-
like layered composites with partial shear connection and 
arbitrary geometry. As shown in [51], the layered triangular 
elements may be developed analogously. 

The paper is organized as follows: after the introduction, 
the governing equations of the full-layerwise theory, its 
extension to account for the partial interaction and the 
corresponding FLWT-based finite element model are 
presented in Section 2. Model validation is elaborated in 
Section 3, while the conclusions and recommendations for 
further research are given in Section 4. 

2 Layerwise formulation of CLT-C kinematics and 
finite element implementation 

2.1  Kinematics 
 

In the paper, a CLT-concrete composite plate made of 
nCLT orthotropic layers and a concrete (isotropic) topping is 
considered. The CLT thickness is denoted as hCLT (see 
Figure 1), the concrete topping thickness is denoted as hC, 
while the thickness of the kth lamina (including both CLT and 
concrete layers) is denoted as hk (k = 1, 2,…, n). The plate is 
loaded with qt(x,y,h) and qb(x,y,0) acting to either top or the 
bottom surface (St or Sb). 

 

 
Figure 1. CLT-concrete composite plate with nCLT+1 

material layers and N=nCLT+3 numerical layers (interfaces). 
I=nCLT+1 is the top numerical layer of the CLT, while 

I=nCLT+2 is the bottom numerical layer of the concrete. 

Piece-wise linear variation of all three displacement 
components through the plate thickness is imposed, leading 
to the 3D stress description of all material layers. The 
displacement field (u, v, w) of an arbitrary point (x,y,z) of the 
CLT-C composite is given as: 
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where UI(x,y), VI(x,y) and WI(x,y) are the displacement 
components in the Ith “numerical layer” of the plate in three 
orthogonal directions, respectively, while N is the total 
number of numerical layers. ФI(z) are selected to be linear 
layerwise functions of the z-coordinate [55], defined over the 
considered layer (above and below the numerical layer I). 
This selection implicitly defines the numerical layers in 
planes between the material layers, including St and Sb. Note 
that in an (zero-thickness) interface between the CLT and 
concrete topping, two independent numerical layers are 
introduced, which enables a relative displacement in all 
directions between the CLT and concrete. The above 
definition leads to the number of numerical layers N = nCLT + 
3, as shown in Figure 1. 

Since only partial shear connection between CLT and 
concrete may be achieved, the relative displacements 
(interlayer slip) between the CLT and concrete arise [42]. 

Interlayer slips u, v and w, respectively, in the CLT-
concrete interface, are introduced by means of different 
displacements in the numerical layers nCLT+1 and nCLT+2 
located at the CLT-concrete interface (Figure 2a). By means 
of mathematical description, the inter-layer slip is enabled 

using the discontinuous interpolation functions 1CLTn +
  and 

2CLTn +
 [55], as shown in Figure 2b. This leads to the 
discontinuous displacement fields (1), as shown in Figure 2c. 
 
2.2  Stresses and strains 
 

The linear strain field is inherited from the displacement 
field (1) and the layerwise interpolation shown in Figure 2b. 
The explicit expressions of the strain field (given in [48]) are 
extended by adding the following singularity terms related to 
the CLT-concrete interface (int): 

int int
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 (2) 

If the thermal contributions are neglected, the stresses in 
the kth numerical layer may be computed from the lamina 3D 

constitutive equations [35, 48]: 
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where 
ijC are the transformed elastic coefficients in the 

(x,y,z) coordinates, which are related to the elastic 
coefficients in the material (1,2,3) coordinates (Cij) through 
the transformation matrix T(k) for the kth layer. Matrices T(k) 
are well-known and can be found in [48]. 

Note that for k≤nCLT, the angle   between the lamina 
(1,2,3) and the laminate (x,y,z) coordinate systems is either 

0o or 90o, while for the concrete layer(s),  can be arbitrarily 
selected (say 0o). For k≤nCLT, the mentioned matrix C 
corresponds to the (orthotropic) timber material with 9 

independent material constants Eij, Gij and ij. The principal 
material axes of the timber are aligned with the fiber or trunk 
direction (L), and orthogonal to the annual rings (radial 
direction – R and tangential direction - T) [35]: 
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where Cij and  are given in Eq. (5). 
 

 
Figure 2. a) CLT-C composite with the interface at z = hCLT; b) linear layerwise functions ФI(z) with a discontinuity at CLT-

concrete interface; c) discontinuous displacement field (i.e. in x-direction) with marked relative displacement u 
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On the other hand, for k>nCLT, C corresponds to the 
concrete (isotropic) material properties given in Eq. (6). The 
interfacial stresses acting in the interface are proportional to 
the slip moduli Ki: 
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Note that for a very high selected value of Kz (say 103 higher 

than Kx or Ky), the relative displacement w tends to zero 
which is a common value in CCC. 

When the constitutive law on the lamina level is 
established, the constitutive relations of the CCC can be 
derived in a usual manner [48] by the explicit integration of 
the lamina constitutive equations (3) through the thickness of 
the laminate. This eliminates the thickness coordinate and 
reduces a 3D problem to a 2D one, which is a main 
advantage of the layerwise theory. Using the principle of 
virtual displacements, the system of 3N Euler-Lagrange 
governing equations of motion (strong form) of the FLWT are 
then derived by satisfying the equilibrium of the virtual strain 
energy δU, the work done by the applied forces δV and the 
virtual kinetic energy δK: 
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In (8), , , , , ,I I I I I I

xx xy yy x y zN N N Q Q Q are stress resultants 

in the Ith numerical layer defined in [48]; I1 and IN are 

displacement vectors at the Sb and St, respectively, 

, ,J J JU V W are second derivatives with respect to time (t), 

while IIJ is the mass moment of inertia calculated as ((k) 
denotes the mass density of the kth layer): 
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(9) 

Note that beside the formulation presented in [35], the 
additional term enters the principle of virtual work, originating 
from the interfacial shear stresses at the interface (int): 
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The first term in the previous integral (10) is given in Eq. 
(11). By analogy, the same applies for the remaining two 
terms in the integral (10). 

 
2.3 Finite element model 

 
Based on the above formulation, the family of 2D finite 

elements is derived by substituting an assumed interpolation 
of the displacement field (1) into the equations of motion of 
the FLWT. All displacement components are interpolated 
using the same degree of interpolation, as shown in Eq. (12). 
Note that in Eq. (12), m is the number of element nodes in 
the 2D element (note that out-of-plane coordinate has been 

previously eliminated). In addition, , ,I I I

j j jU V W  are the 

nodal values of displacements UI, VI and WI, respectively, in 
the jth node of the 2D element (representing the kinematics 
in the Ith numerical layer), while ψj(x,y) are the 2D Lagrange 
shape functions associated with the jth element node. 

The 2D data structure similar to the plate-like FE models 
provides several advantages against the conventional 3D 
models [35]: reduced input data, independent interpolation of 
in- and out-of-plane displacements, and computational 
savings in numerical integration.  
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The matrix form of the finite element model is obtained 
as: 

     IJ J IJ J JK M F    +  =     
(13) 

where [KIJ] and [MIJ] are the element stiffness and mass 

matrices, respectively; {J} and  J are the element 

displacement and acceleration vectors, respectively, while 
{FJ} is the element force vector (I=1,…,N and J=1,…,N).  

In the element stiffness matrix, the additional terms Kx, Ky 
and Kz corresponding to the interlayer slip moduli in three 
orthogonal directions are added in the rows and columns 
corresponding to the total of 6m nodal displacements in the 

CLT-concrete interface: 2 1 2 1
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(16) 

[KIJ] is calculated using 2D Gauss-Legendre quadrature 
for quadrilateral domains. In the paper, linear (Q4) and 
quadratic serendipity (Q8) layered quadrilateral elements 
have been considered. To avoid shear locking, reduced 

integration is used (22 points for Q8 and 11 point for Q4 
element). The element mass matrix is calculated using the 

full 22 integration, as: 

, 1
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(17) 

where  is the vector of interpolation (shape) functions.  

The mathematical model on the structural level is finally 
obtained using the well-known assembly procedure. 

 
2.4 Post-computation of stresses 

 
The assumed piecewise linear interpolation of 

displacement field through the laminate thickness provides 
discontinuous stresses and strains across the interface 
between adjacent layers. Once the nodal displacements are 

obtained, the stresses at the top and bottom interface of 
every material layer (k) are computed from the constitutive 
relations (3) (see [35] for details). The interlaminar stresses 

( ) ( ) ( ), ,k k k

xz yz z   do not satisfy continuous distribution through 

the laminate thickness and they are further post-computed 
by assuming the quadratic distribution within each layer for 
every stress component. Note that the stress field acting in 
the CLT and concrete is enriched by adding the interface (int) 
shear stresses. They are inherited from the displacement 

jumps u and v (note that w~0) and proportional to the slip 
moduli Ki: 

int

1

00

0 0

m
j jxz x

yz y j jj

uK

K v



 
=

         
=      

            
  (18) 

3 Model validation 

A validation example considers the rectangular CLT-
concrete composite plate with dimensions a×b = 8×7 m [42], 
with two clamped edges, two free edges and a hinged point 
support at the corner in point 2, according to Figure 3. CLT 
has seven layers, with a thickness of (2+4+2+4+2+4+2) = 20 
cm, while a concrete topping is 11 cm thick. This 
corresponds to the a/h ratio of approximately 25 (thin plate 
situation). The CLT has the following material properties: 
𝐸𝐿=12 GPa, 𝐸𝑅=𝐸𝑇=0.45 GPa, 𝐺𝐿𝑅=𝐺𝐿𝑇=0.70 GPa, 𝐺𝑅𝑇=0.06 
GPa and 𝜈𝐿𝑅=𝜈LT =𝜈𝑅T=0.4. For concrete, 𝐸𝑐 = 30 GPa and 𝜈𝑐 
= 0.2. The layers within a CLT are perfectly bonded, while at 
the CLT-concrete interface, two combinations of slip moduli 
Kx and Ky are used (Kx = 1000 MPa and Kx = 10 MPa), 
keeping the constant ratio 𝐾𝑦∕𝐾𝑥 = 2 (Ky = 2000 MPa and Ky 
= 20 MPa). The composite plate is exposed to the distributed 
load at the top surface of qt = 10 kN/m2. 

The plate is discretized using two different mesh 
densities: 16×14 (element size = 50 cm) and 32×28 elements 
(element size = 25 cm). Both Q4R and Q8R elements are 
used, to avoid shear locking due to the spurious transverse 
shear and normal stiffnesses. The laminas within a CLT are 
modeled as a single numerical layer, while the concrete layer 
is modeled using two identical 5.5 cm thick layers - sub-
laminate concept (L1). Boundary conditions are prescribed 
in edge nodes: UI = VI = WI = 0 for clamped edges and WI = 
0 for the hinged point support. 

 

 

Figure 3. Considered CLT-C composite a × b = 8×7 m,  
h = 20+11 = 31 cm: a) layout; b) cross-section 

 
The obtained results are compared against the data 

extracted from [42], obtained using the following models:  

2CLTn
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− a continuum-based model, generated in Abaqus using 
C3D20R elements (hexahedral quadratic elements with 
reduced integration), with three elements across the 
thickness of each individual layer (L3), and the CLT-concrete 
interface modeled using cohesive elements COH3D8, 

− a Furtmüller’s higher-order zig-zag plate theory-based 
model, accounting for partial interaction between concrete 
and CLT, generated in MATLAB using Q8 finite elements 
with reduced integration and nine degrees of freedom 
(DOFs) per node. 

The total number of DOFs introduced in the considered 
computational models is provided in Table 1. 

Figures 4-7 illustrate the distributions of the in-plane 
displacements u and v at points 1 (a/2, b) and 2 (a, b) through 
the thickness of the considered CLT-concrete composite. 
The zig-zag shaped distribution of displacements is achieved 
by using FLWT for both element types and both considered 
mesh densities. A minor discrepancy is detected only for a 
16×14 mesh of Q4R elements (dashed blue lines in Figures 
4-7), which introduces the lowest number of DOFs in all 
considered scenarios (see Table 1). 

 
Table 1. Properties of computational (finite element) models 

Model Element size DOFs 

FLWTFEM 16×14 Q4R L1 

FLWTFEM 16×14 Q8R L1 

FLWTFEM 32×28 Q4R L1 

FLWTFEM 32×28 Q8R L1 

Abaqus C3D20R COH3D8 L3 [42] 

Higher-order zig-zag theory Q8R [42] 

50 cm 

25 cm 

50 cm 

25 cm 

0.20 cm 

0.20 cm 

8 415 

28 587 

31 581 

92 697 

480 156 

39 159 

 

 

Figure 4. Distributions of the in-plane displacement u(a/2, b) through the thickness of the CLT-concrete composite plate, 
considering different models and mesh densities. left: Kx = 10 MPa, right: Kx = 1000 MPa 

 

 

Figure 5. Distributions of the in-plane displacement v(a/2, b) through the thickness of the CLT-concrete composite plate, 
considering different models and mesh densities. left: Kx = 10 MPa, right: Kx = 1000 MPa 
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Figure 6. Distributions of the in-plane displacement u(a, b) through the thickness of the CLT-concrete composite plate, 
considering different models and mesh densities. left: Kx = 10 MPa, right: Kx = 1000 MPa 

 

Figure 7. Distributions of the in-plane displacement v(a, b) through the thickness of the CLT-concrete composite plate,  
considering different models and mesh densities. left: Kx = 10 MPa, right: Kx = 1000 MPa 

 
The values of the inter-layer slip are captured accurately 

in all models, proving that a proposed layerwise model is 
capable to accurately predict the kinematics of the CLT-
concrete composite with partial shear connection between 
CLT and concrete. When comparing the results for different 
slip moduli, it is expectedly obtained that increase of the Kx 

results in lower interlayer slip, providing higher level of the 

composite action. Note that u(a/2, b) and v(a/2, b) are 
almost zero for Kx = 1000 MPa (Figures 4-5, right). Excellent 
agreement is obtained for lateral displacement, too (see 
Figure 8), for all considered models.  

 

Figure 8. Distributions of the deflection w(x, b) along the bottom free edge of the CLT-concrete la composite plate,  
considering different models and mesh densities. left: Kx = 10 MPa, right: Kx = 1000 MPa 
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Figure 9. Distributions of the strains in point 3 (3m, b) through the thickness of the CLT-concrete composite plate, considering 

different models and mesh densities, for Kx = 10 MPa. left: normal strain x, right: transverse shear strain xz 

 

Figure 10. Distributions of the strains in point 4 (7m, b) through the thickness of the CLT-concrete composite plate, 

considering different models and mesh densities (Kx = 1000 MPa). left: normal strain x, right: transverse shear strain xz 

 
Again, the increase of the Kx to 1000 MPa provided the 

higher level of the composite action, which increased the 
bending stiffness of the plate and consequently reduced the 
overall lateral displacements (Figure 8, right) when 
compared to low interlayer slip modulus Kx = 10 MPa (Figure 
8, left). 

For all considered models, the strain field obtained by 
using FLWT is layerwise-linear, because of the layerwise 
linear expansion of displacements through the plate 

thickness. Normal strain x in points 3 and 4 (Figure 3) 
exhibits the laminate-specific zig-zag shape, with 
discontinuity at CLT-concrete interface. Excellent agreement 
is achieved when compared with the benchmark data 
(Figures 9-10, left), with a discrepancy detected only for a 
16×14 mesh of Q4R elements (dashed blue lines in Figures 

9-10, left). Jumps in the normal strain x are captured 
accurately in all models. Note that for Kx = 10 MPa (Figure 9, 
left), CLT and concrete act as almost mutually independent 

plates, which is visible from the u, v and x distributions 
across CLT and concrete (Figures 4-7 and 9, left). The 
proposed model accurately captures the layerwise-stepped 

distribution of transverse shear strain xz (Figures 9-10, right), 
too. Here, the advantage of the FLWT-based Q8R elements 

against the Q4R elements is detected, especially when 
comparing the results from coarse 16×14 meshes. Q4R 
elements overestimate the transverse shear strain when Kx 
= 10 MPa, for coarse mesh (Figure 9, right), while better 
agreement is detected for Kx = 1000 MPa. Finally, for both 
considered Kx values, transverse shear deformation is 8-10 
times higher in CLT when compared to concrete, due to the 
low shear moduli of timber when compared against Gc.  

The above completes the model validation by means of 
static analysis, since excellent agreement for displacement 
and strain fields is obtained using the proposed model, with 
a minor influence of mesh density on the accuracy. Next, a 
short parametric study is provided to serve as a benchmark 
for future investigations and illustrate the influence of 
interlayer slip modulus on stress distribution within CCC 
composite. For this purpose, the same CCC panel is 
analyzed and meshed using the 32×28 mesh of Q8R 
elements which already demonstrated better accuracy for 
stress field prediction in CLT, especially for transverse shear 
stresses [35]. The interlayer slip modulus between CLT and 
concrete has been varied, ranging from 1 kPa (simulating the 
absence of any connection between CLT and concrete – red 
line in Figure 11) to 1000 MPa (simulating the approximately  
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Figure 11. Distributions of the stresses in point 4 (7m, b) through the thickness of the CLT-concrete composite plate, 

considering different stiffnesses Kx, for 32×28 mesh of Q8R finite elements. left: normal stress x, right: transverse shear 

stress xz 

 

Figure 12. Influence of the interface stiffness Kx on the stress distributions in point 4 (7m, b) through the thickness of the CLT-

concrete composite plate, for 32×28 mesh of Q8R finite elements. left: normal stress x, right: shear stress xz 

 
perfect shear connection). A model with perfect bonding of 
all layers [35] is used as an upper bound benchmark (black 
line in Figure 11). In all simulations, Ky/Kx = 2 ratio is adopted. 

Figure 11 shows the normal (x) and transverse shear 

stress (xz) distributions through the thickness of the CLT-
concrete composite plate, considering different CLT-
concrete interface stiffnesses Kx. The increase of Kx 
contributes to the composite action between CLT and 
concrete, resulting in the reduction of the interlayer slip and 
consequently the reduction in maximum stresses in the 
concrete layer (grey line in Figure 12). The slight reduction 
of the maximum normal stress (orange line in Figure 12, left) 
and minor increase of the maximum shear stress (orange 
line in Figure 12, right) is detected in CLT. 

In the second part of the validation example, free 
vibration study of the considered composite plate has been 
conducted. For this purpose, only the self-weight of the 
structure has been considered as a mass source (𝜌CLT = 420 
kg/m3 and 𝜌c = 2500 kg/m3). The obtained results are again 
compared against the data [42], obtained using the Abaqus 
continuum-based model (C3D20R and COH3D8), and the 
Furtmüller’s higher-order zig-zag plate theory-based model 

with partial interaction. The total number of DOFs in the 
following simulations corresponds to those given in Table 1. 

Obtained natural frequencies with corresponding 
differences relative to the zig-zag theory [42] are given in 
Tables 2-3 and illustrated in Figure 13, while the comparison 
of the first 10 mode shapes is illustrated in Figure 14 (for Kx 
= 10 MPa). The results presented in Tables 2-3 and Figures 
13-14 clearly show the high accuracy of the proposed model 
in the prediction of natural frequencies and mode shapes of 
CCC with different interlayer slip moduli. Only the coarse 
16×14 mesh of Q4R elements, which includes 4.65 times 
less DOFs then the benchmark example showed the slight 
discrepancy in obtained natural frequency (the average 
relative differences are +1.4% for Kx = 10 MPa and +1.7% 
for Kx = 1000 MPa). For other scenarios, the average relative 
differences are ranging from -0.7% to +0.4%, which is almost 
negligible. 

The above completes the model validation by means of 
free vibration study, since excellent agreement is obtained 
when compared with the benchmark data. Obviously, the 
model accurately simulates the stiffness and mass 
distribution in CCC and consequently provides the reliable 
data by means of natural frequencies and mode shapes. 
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Table 2. Natural frequencies of the CLT-concrete composite plate, considering different computational models and mesh 
densities (Kx = 10 MPa) 

Mode 
Zig-zag  

theory Q8R [42] 
Abaqus  

C3D20R [42] 
Q4R  

16x14 
Q4R  

32x28 
Q8R  

16x14 
Q8R 

32x28 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

6.0 
10.4 
15.1 
20.3 
25.3 
29.6 
32.8 
38.2 
43.4 
47.2 

6.0 
10.4 
15.0 
20.2 
25.0 
29.2 
32.3 
37.7 
42.8 
46.6 

6.04+0.7% 
10.46+0.5% 
15.15+0.3% 
20.57+1.4% 
25.65+1.4% 
30.00+1.3% 
33.10+0.9% 
39.15+2.5% 
44.56+2.7% 
48.13+2.0% 

6.02+0.3% 
10.39-0.1% 
15.04-0.4% 
20.31±0.0% 
25.19-0.4% 
29.49-0.4% 
32.54-0.8% 
38.12-0.2% 
43.36-0.1% 
47.06-0.3% 

6.02+0.3% 
10.38-0.2% 
15.02-0.6% 
20.24-0.3% 
25.07-0.9% 
29.33-0.9% 
32.39-1.3% 
37.85-0.9% 
43.01-0.9% 
46.75-0.9% 

6.01+0.2% 
10.37-0.2% 
15.01-0.6% 
20.23-0.3% 
25.06-1.0% 
29.32-0.9% 
32.38-1.3% 
37.82-1.0% 
42.99-1.0% 
46.73-1.0% 

 
Table 3. Natural frequencies of the CLT-concrete composite plate, considering different computational models and mesh 

densities (Kx = 1000 MPa) 

Mode 
Zig-zag  

theory Q8R [42] 
Abaqus  

C3D20R [42] 
Q4R  

16x14 
Q4R  

32x28 
Q8R  

16x14 
Q8R 

32x28 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

9.0 
15.7 
21.7 
27.9 
34.2 
40.9 
44.4 
49.4 
54.5 
59.5 

9.0 
15.8 
21.7 
28.0 
34.2 
41.0 
44.4 
49.4 
54.5 
59.5 

9.05+0.6% 
15.81+0.7% 
21.87+0.8% 
28.25+1.3% 
34.79+1.7% 
41.65+1.8% 
45.35+2.1% 
50.66+2.5% 
56.17+3.1% 
60.64+1.9% 

9.02+0.2% 
15.72+0.2% 
21.73+0.1% 
27.99+0.3% 
34.32+0.3% 
41.14+0.6% 
44.61+0.5% 
49.66+0.5% 
54.87+0.7% 
59.78+0.5% 

9.03+0.4% 
15.71+0.1% 
21.73+0.1% 
27.94+0.1% 
34.24+0.1% 
40.98+0.2% 
44.43+0.1% 
49.38±0.0% 
54.56+0.1% 
59.51±0.0% 

9.03+0.3% 
15.70±0.0% 
21.72+0.1% 
27.93+0.1% 
34.22+0.1% 
40.97+0.2% 
44.41±0.0% 
49.36-0.1% 
54.52±0.0% 
59.49±0.0% 

4 Conclusions 

Starting from the full-layerwise-plate-theory-based FEM 
formulation for laminated composite plates with perfect 
bonding, the paper extends the formulation to account for the 
possible interlayer slip. This phenomenon is common in CLT-
concrete and other plate-like composites with mechanical 
couplers. Therefore, a CLT-concrete composite plate is 
considered for model validation. The interface slip moduli are 
incorporated using the smeared approach, as distributed 
linear springs at the interface. Interlayer slips are introduced 
by means of different displacements at the interface 
numerical layers. This is enabled by using the discontinuous 
interpolation functions of the thickness coordinate, 

previously developed for delamination studies. The strain 
field is enriched by adding the singularity terms related to the 
CLT-concrete interface. The stress field is enriched by 
adding the interface shear stress contributions inherited from 
the displacement jumps and proportional to the interlayer slip 
moduli. 

Based on the presented formulation, Q4 and Q8 layered 
quadrilateral isoparametric finite elements have been 
developed. They provide the complete stress/strain fields 
necessary for engineering failure analysis, delamination 
studies or stress-deformation state around point supports. 
The model is rotation-free and requires only C0 continuity of 

 

 

Figure 13. Natural frequencies of the CLT-concrete composite plate, considering different computational models and mesh 
densities. left: Kx = 10 MPa, right: Kx = 1000 MPa 
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 Mode 1 Mode 2 Mode 3 Mode 4 Mode 5 Mode 6 Mode 7 Mode 8 Mode 9 Mode 10 

Zig-zag 
theory  

Q8R [48]           
6.0 Hz 10.4 Hz 15.1 Hz 20.3 Hz 25.3 Hz 29.6 Hz 32.8 Hz 38.2 Hz 43.4 Hz 47.2 Hz 

FLWT 
Q8R 

16×14           
6.02 Hz 10.38 Hz 15.02 Hz 20.24 Hz 25.07 Hz 29.33 Hz 32.39 Hz 37.85 Hz 43.01 Hz 46.75 Hz 

FLWT 
Q8R 

32×28           
6.01 Hz 10.37 Hz 15.01 Hz 20.23 Hz 25.06 Hz 29.32 Hz 32.38 Hz 37.82 Hz 42.99 Hz 46.73 Hz 

Figure 14. Mode shapes of the CLT-concrete composite plate, considering different mesh densities of Q8R finite elements 
(Kx = 10 MPa) 

 
generalized displacements along element boundaries.  

The thickness coordinate is eliminated by the explicit 
integration of stress components; thus, a model formulation 
is reduced to the 2D (plate) model without compromising the 
accuracy and providing the computational cost savings when 
compared against the continuum-based (solid) models. 
Finally, the model allows the analysis of timber-concrete 
(TCC) or other plate-like layered composites with partial 
shear connection and arbitrary geometry. 

From the conducted computational analysis, the 
following conclusions are derived: 

• The zig-zag shaped distribution of displacement u, 
which is in accordance with the exact solution, is achieved 
for both linear and quadratic layered finite elements. The 
values of the inter-layer slip and lateral displacement are 
captured accurately in all considered scenarios, proving that 
a proposed model accurately predicts the kinematics of the 
CLT-concrete composite with partial shear connection. The 
increase of the slip modulus expectedly resulted in lower 
interlayer slip. 

• Both elements predicted the layerwise-linear strain 

field. Normal strain x exhibits the laminate-specific zig-zag 
shape, with discontinuity at CLT-concrete interface, while the 

transverse shear strain xz exhibits the jumps at layer 
interfaces. Excellent agreement is achieved when compared 
with the benchmark data, with a discrepancy detected only 
for a relatively coarse mesh of Q4R elements. 

• The benchmark study showed that the increase of the 
slip modulus leads to the reduction in maximum stresses in 
the concrete layer, with the slight reduction of the maximum 
normal stress and minor increase of the maximum shear 
stress in CLT. 

• The model provided the high accuracy in the prediction 
of natural frequencies and mode shapes of CLT-concrete 
composite plate with various slip moduli, with the average 
relative difference less than 1%. Only the coarse 16×14 
mesh of Q4R elements showed the slight discrepancy, with 
+1.4% difference for Kx = 10 MPa and +1.7% for Kx = 1000 
MPa. 
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